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EFFECT OF STRETCH ON OXYGEN CONSUMPTION OF 
DOG SKELETAL MUSCLE IN SITU! 


WENDELL N. STAINSBY? *, JOHN T. FALES anp JOSEPH L. LILIENTHAL, JR.‘ 


The Departments of Environmental Medicine and Medicine, The Johns Hopkins University 
Received for publication May 14, 1956 


The study to be described herein arose from a chance observation that pas- 
sive stretch decreased oxygen consumption by the normally-circulated gastroc- 
nemius-plantaris of the dog. The observation arose from studies prefatory 
to an investigation of the relation between oxygen consumption and isometric 
work. In order to record maximal isometric tension the muscle must be put 
under tension, i.e., passive stretch (1). Before accurate measurement of oxygen 
consumption during isometric work could be made, however, it was necessary 
to know the effect of passive stretch itself on the resting rate of oxygen use. 
Feng (2) and Eddy and Downs (3) have reported that extreme stretching of 
the sartorius muscle of frog increased its heat production, oxygen consumption 
and carbon dioxide production. In the study to be described it was discovered 
early that stretch itself caused a marked decrease of oxygen consumption. An 
investigation of this surprising effect of stretch on mammalian skeletal muscle 
forms the subject of the study. 


METHODS AND PROCEDURE 


Dogs weighing 7 to 17 kg. were anesthetized with veterinary sodium pentobarbital, 
30 mg. (0.45 ml.) per kilogram of body weight, intraperitoneally. Additional doses of 65 mg. 
were given as needed and at the beginning of each experimental run. The trachea was can- 
nulated and attached to a respirator to maintain adequate ventilation at a constant minute- 
volume and thus insure a steady oxygen content of arterial blood. Pilot experiments showed 
that fairly constant arterial oxygen contents were maintained. Arterial samples were taken 
at ten minute intervals through an indwelling needle in the right femoral artery. In pre- 
liminary experiments, simultaneous duplicate samples from the two femoral arteries were 
analyzed for oxygen content and were found to be identical within the limits of variation of 
the analytical method; the oxygen content of blood from the right femoral artery was con 
sidered therefore, to be that of blood entering the muscle group under study. Mean arterial 
blood pressure was monitored by means of a mercury manometer attached to the arterial 
needle. Dogs with blood pressure below 90 mm. Hg were not used. 

The muscle group selected for study was the gastrocnemius-plantaris of the left leg. 
The isolation of the circulation was similar to that of Verzar (4) and Himwich and Castle 


! Aided by a contract between the Office of Naval Research, Department of the Navy, 
and The Johns Hopkins University (NR 113-241) and grants from the National Heart 
Institute (H-1327) and the National Institute for Arthritis and Metabolic Diseases (A-999), 
National Institutes of Health, Department of Health, Education, and Welfare. 

* Pre-doctoral Fellow of the National Heart Institute, U. S. Public Health Service. 

3 Present address: National Heart Institute, National Institutes of Health, Bethesda 
14, Maryland. 

* Deceased November 19, 1955. 





250 STAINSBY, FALES, AND LILIENTHAL 


FEMORAL ARTERY 






FEMORAL 
VEIN 


G. GASTROCNEMIUS 
Vv. VASTUS MEDIALIS 
SM. SEMIMEMBRANOSUS 
Ss. SARTORIUS 

GR. GRACILIS 

ST. SEMITENDINOSUS 


Fic. 1. A diagrammatic representation of the isolation of the circulation to the muscle 
group. The entire venous outflow was diverted through a cannula at X to the sampling 
device and flow meter. 


(5) and satisfied the following requirements: (a) no interference with arterial inflow, (b) 
ligation of all tributaries to the femoral vein except those issuing from the muscle group, 
and (c) ligation of all veins draining the muscle that did not enter the femoral vein directly. 
To achieve this the following procedure was adopted. From a medial approach the sar- 
torius, gracilis, semitendinosus, and proximal and distal semimembranosus (6) were ligated, 
divided at their insertions and laid back. The muscle group with its vascular system was 
thus uncovered. The femoral vein was followed from the entrance of the vein from the sar- 
torius beyond the most distal vein from the muscle group and all tributaries joining it 
except those from the muscle group were ligated (Fig. 1). All venous channels from the 
muscle group that did not join the femoral vein were tied. The arterial tree was left un- 
touched. 

The femoral vein was then cannulated proximal to the last branch draining the muscle 
group and connected to a sampling device (Fig. 2A), from which serial samples of venous 
blood were taken manually into syringes. From the sampler the blood passed to a Gaddum 
type flow meter similar in design to that described by Green (7) (Fig. 2B), and then toa 
pump (8) (Fig. 2E), which raised the blood to an infusion bottle (Fig. 2F). The blood was 
allowed to flow by gravity from the infusion bottle back to the animal through a cannula 
in the jugular vein. 

The common tendon of the muscle group was cut close to the calcaneus and clamped to 
the pulley system of an isometric tension recording apparatus. Muscle stretch was achieved 
by hanging weights on the pulley system; lengthening was free. The muscle was kept cov- 
ered with gauze soaked in warm 0.85 per cent saline, and a warm saline drip was maintained 
on the muscle during the experiment. 

Blood was rendered incoagulable by administration of synthetic heparin-like polysac- 
charides: Treburon® in earlier experiments and Mannuronate‘ in later experiments. Both 





5 Kindly furnished by Dr. E. L. Sevringhaus, Hoffman-LaRoche, Inc., Nutley, New 
Jersey. 
® Kindly furnished by Dr. E. F. Roberts, Wyeth Laboratories, Inc., Philadelphia, Pa. 
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Fic. 2. Diagrammatic representation of the entire extra-corporeal system. 

A. Sampling device 

B. Flow meter (The ends of the tubing from the femoral vein to the flow meter were 
always leveled so there was neither positive nor negative pressure at the cannula) 

C. Solenoid operated valve 

D. Synchronous motor, cam and microswitch operating the solenoid 

E. Pump 

F. Infusion bottle 

G. Side of flow meter “U” tube connected to the volume recorder 

H. Volume recorder 

I. Vane on the volume recorder 

J. Light source 

K. Photocell 


agents proved to be adequate when an initial dose of 50 mg. per kilogram of body weight 
and then 100 mg. every half hour were injected intravenously in aqueous solutions of 250 
mg./ml. and 100 mg./ml. respectively. Except for the rubber connectors at the two can- 
nulae, all extra-corporeal blood channels were made of Tygon or glass which had been 
treated with silicone (G. E. “Dri-Film’’). On some occasions the plasma was very faintly 
stained with hemoglobin at the end of the experiment; in most cases plasma remained 
water-clear. 

The dead space of flow meter, pump, infusion bottle and connecting tubes required that 
about 125 ml. of blood be extra-corporeal. To avoid this significant loss of blood volume the 
system was filled with 6 per cent dextran in 0.85 per cent sodium chloride (Expandex, Com- 
mercial Solvents Corporation) prior to cannulation. As soon as venous outflow from the 
muscle group was diverted through the cannula to the flow meter, dextran was allowed to 
enter the jugular vein at the same rate. Thus, changes in circulating blood volume were 
kept at a minimum. About twenty minutes were allowed for mixing of dextran in the circu- 
lating blood volume before sampling was begun. Throughout the remainder of the experi- 
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ment the return of blood to the animal was regulated by an adjustable clamp to balance the 
outflow from the muscle group. 


Handling of Blood Samples and Calculations 


Venous blood samples were drawn from the sampler at approximately ten minute inter- 
vals when the muscle was at rest. During periods of change venous samples were taken as 
often as every two minutes or less as desired. During short periods when there were rapid 
changes of blood flow the entire flow was collected under liquid petrolatum and aliquots 
taken for calculation of mean oxygen consumption for the period. For A-V oxygen difference 
the oxygen content of the venous samples was subtracted from oxygen content of the chrono- 
logically closest arterial sample. The collecting system introduced a dead space of the order 
of 1.2 ml. between the muscle and the site of sampling. To insure that any sample of venous 
blood was assigned its proper position in time and in relation to the blood flow recorded in- 
stantaneously the approximate delay time for the blood to arrive at the sampler after leaving 
the muscle was calculated for all ranges of flows encountered. 

Arterial and venous blood samples, 0.6 ml., were drawn into 1 ml. tuberculin syringes, 
the dead space of which had been previously filled with 0.85 per cent sodium chloride. The 
amount of sodium chloride required to fill the dead space diluted the sample of blood about 
1 per cent, with an insignificant variation from one syringe to another. No correction was 
made for this small dilution. Immediately after each sample was drawn it was sealed with a 
cap containing mercury, a portion of which was introduced into the syringe to provide a 
means of mixing. Samples were kept iced until further handling, and prior to analysis were 
mixed by rotation in an icewater bath for at least ten minutes. Blood was then hemolyzed 
by anaerobic transfer to other tuberculin svringes, the dead spaces of which had been pre- 
viously filled with a partially saturated solution of saponin,’ 6.25 g. per 100 ml. After hemoly- 
sis the blood was transferred to a Nahas cuvette, and its optical density determined against 
a plasma-saponin blank at 605 and at 505 my in the Beckman Model DU spectrophotome- 
ter, as described in a previous paper (9). 

The rate of oxygen consumption was calculated in yul./g. of muscle per minute by sub- 
stituting into the Fick equation: 


7) F(A =) y 1000 

Oe W ’ 
where Qo, = the rate of oxygen consumption in ul./g./min.; F = total muscle blood flow 
in ml./min.; A and V = oxygen content of 1 ml. of arterial and venous blood samples re- 


spectively; and W = weight of the muscle in grams. For measurement of changes in oxygen 
consumption the observed values for resting oxygen consumption were extrapolated through 
the experimental period. Oxygen debt and repayment were calculated by measurement of 
the area between the extrapolated resting rate and the observed rate of oxygen uptake. 


RESULTS 
Oxygen Consumption at Rest 
In ten experiments (Table II), during rest prior to stretch, mean muscle 
oxygen consumption was 4.9 yul./g./min. (range 2.4-9.0). In an additional 
three experiments oxygen consumption was measured for one and one-half 
hours with muscle at rest to determine whether or not there were changes with 
time. No such changes were found (Fig. 3A). 


7 Eastman, Practical, Eastman Kodak Company, Rochester, New York. 
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TABLE I 
Protocol of a Sample Experiment 
Experiment No. 94 Dog weight: 17 kg., Muscle weight: 74.6 g., Stretch: 7.54 kg. 
' Time | sample Nemter | Aice! | SS | Avo | moog rien | TO Commotion 
Lin. p.c. p.c. ml./min. ml. /min eal tine ai/e/ein 
0 Ai* 19.3 
| Vit + .066 4.8 .316 4.2 
™ 10 As Ve 18.9 15.4 .035 6.3 .221 3.0 
is 20 A; V3 19.6 15.3 .043 6.4 .270 3.4 
d 28 Ag 20.0 
s 29 Vs 15.2 .047 6.8 321 4.3 
a 30 Stretch on ; 
“ 35 Vs 17.1 021 3.7 077 1.1 
” 39 As 19.2 
ai 40 Ve 15.4 .037 3:2 .121 1.6 
1S 45 V; 15.9 037 oa .126 1.7 
n- 49 As Vs 19.6 15.1 .044 3.2 .141 1.9 
ig 50 Stretch off 
51 Vs 16.0 035 10.9 | .384 5.2 
S, 53 Vio 13.8 .062 6.6 .408 5.5 
he 54 Ay 20.0 
at 55 Vu 13.1 .069 5.8 .399 5.4 
aa 65 As Vie 19.4 13.6 .059 5.8 .342 4.6 
; 74 Ag 19.3 
es 75 Vis 13.0 .063 5.2 .328 4.4 
° 86 Aw Vis 19.3 12.0 .073 4.4 .320 4.3 
Te ' : 
ed *A = Arterial 
re- + V = Venous 
y- TABLE II 
ist Summary of Stretch Results 
- Delta A-V Oz Blood Flow O+ Consumption 
Expt. Body Muscle Stretch* (ml. /min.) ml./min.) (S/R) ul./g./min.) 
b- om. Weight Weight Tension 100 
kg. g. kg. (S/R) 
Range Av. Range Av. Range Av. 100 
31 12.0 | 43.0 2.3 | R 8.9-9.0 9.0 | 4.2 4.2 48 (8.6-8.8 8.7 55 
S 9.8-10.9 | 10.2 | 1.7-2.5 2.0 3.9-6.3) 4.8 
Ow 39 7.3 | 26.0 2.0 | R 6.9-7.7 7.3 | 2.42.5 2.4 30 (6.47.2); 6.8 32 
= $7.2-89 | 8.0| 0.7-0.8)| 0.7 1.9-2.4) 2.2 
en 71 7.6,| 23.2 4.0 | R 2.5-5.1 3.5 | 2.2-3.6 2.9 28 |3.5-4.5) 3.8 36 
gh S 3.2-5.7 4.4 | 0.7-0.9 0.8 1.0-1.7) 1.4 
s 78 10.5 | 45.0} 4.0 |}|R2.0-2.8 2.4 | 5.5-6.8 6.2 42 |3.0-3.7| 3.3 60 
S 3.0-5.1 3.7 | 2.0-3.3 2.6 1.9-2.6 2.0 
83 9.5 | 39.8 4.0 | R 8.8-11.0 9.9 | 2.2-3.5 y ae 34 |6.0-9.0| 7.4 30 
S 6.7-12.0 | 10.1 | 0.6-1.3 0.9 1.8-2.9| 2.2 
84 17.0 | 69.0 6.0 | R 2.5-4.1 3.6 |10.4-17.4 13.6 37 «|5.7-7.8) 6.6 65 
S 4.7-7.6 6.1 | 3.8-6.6 5.0 3.9-4.5 4.3 
85 11.2 | 33.0 4.0 | R 5.9-7.5 6.7 | 1.4-2.2 1.8 24 |3.0-4.6| 3.7 27 
cle $ 9.2-10.3 | 9.6! 0.3-0.4) 0.4 0.4-1.4 1.0 
ial 92 | 12.5 | 57.5) 6.0|/R45-48 | 4.7 | 3.2-3.4) 3.3) 66 (2.6-2.8 2.7 | 85 
alf S 5.8-6.1 6.0 | 2.0-2.2 2:2 22 2:5 
‘a 0 17.0 74.6) 7.5|R35-66 4.8) 4.86.8) 6.1 56 |3.04.3) 3.8 41 
ith $2144 | 3.5|3.2-3.7| 3.4 1.1-1.9 1.6 
111 9.0 | 37.0 5.5 | R 4.0-5.2 4.4 2.0-2.2 Be 38 |\2.42.8 2.6 42 
S 2.8-6.5 4.9 | 0.8-0.8 0.8 0.6-1.5 1.0 
R = Resting 
S = Stretch 
* Duration of stretch was 20 minutes except in Expt. 31 in which it was only 5. 
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Effects of Stretch 


Steady stretch at a tension of approximately 100-200 g./g. of muscle pro- 
duced invariably an immediate sustained fall in oxygen consumption (Fig. 3B 
and E and Table I). The larger part of the fall in oxygen consumption was 
accounted for by concomitant fall in blood flow since A-V oxygen difference 
changed only slightly. On the average, oxygen consumed during stretch was 
47 per cent of that at rest (range 27-85 per cent). Average oxygen debt during 
20 minutes of stretch was 42 yl./g. of muscle (range 7.6-72.6) (Table II). No 
relation between amount of tension and fall in oxygen consumption was ap- 
parent. In an additional three experiments, not recorded in Table II, tensions 
were between 75 and 100 g./g. and there was no fall in oxygen consumption. 
This does not necessarily demonstrate a threshold phenomenon since in three 
of the experiments recorded in Table II tensions were equally low. 

On release of stretch blood flow and oxygen consumption returned promptly 
to pre-stretch levels with a slight transient overshoot. This overshoot ac- 
counted for 10.6 per cent of the oxygen debt, on the average, and on one occa- 
sion for as much as 23 per cent (Table I, Fig. 3B and E). 

Essential to the interpretation of all experiments to be described is the cer- 
tain knowledge that all blood flowing through the muscle under study issued 
from the cannulated vein. In the event that, under conditions of stretch, in- 
creased intramuscular pressure diverted blood away from the collecting site, 
(e.g., into the femur) then the measurement of blood flow would be in error by 
as much as disappeared into other areas. To test this possibility the experi- 
mental muscle group was injected at several sites with a total of 3 ml. of 1 
per cent fluorescein in mammalian Ringer’s solution. While the muscle was 
stretched the venous outflow through the femoral vein was diverted and did 
not return to the general circulation for a period of 15 minutes; this blood con- 
tained large amounts of fluorescein. During this period samples of blood were 
drawn from the general circulation and examined under ultraviolet light for 
the presence of fluorescein. None was detected; and by serial dilution the level 
of detection was determined to be such that fluorescein would have been iden- 
tified readily if no more than 0.5 per cent of the total injected dye had escaped 
into the general circulation. 


Effects of Stretch on Acutely Denervated Muscle 


To test whether the reduction of oxygen consumption depended upon cen- 
tral reflexes, a series of three experiments was done with the muscle group com- 
pletely denervated by clearing the artery and vein of all connective tissue and 
cutting the sciatic nerve. The distal part of the cut nerve was blocked with 2 
per cent procaine prior to section to prevent spontaneous nerve impulses 
arising at the site of injury from reaching the muscle group. It was observed 
in preliminary studies that the increased rate of flow following denervation 
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declined to some extent with time. To allow as much time as possible for the 
flow to return to normal, the nerve was cut as soon as possible during the pre- 
paratory part of the experiment. The usual lapse of time from nerve section 
to the beginning of the collection of data was two hours. Even then the blood 
flow was high and the resulting A-V difference was so small that the analytical 
errors in the blood oxygen content determinations became significant. The 
result was a greater apparent variation in the resting rate of oxygen consump- 
tion. In one of the three experiments these variations were so great that reliable 
calculations were impossible. In the other two experiments the oxygen con- 
sumption fell during stretch to 56 and 57 per cent of the resting rate respec- 
tively, and there was no payment of the debt (Fig. 3B and E). 


Effects of Arterial Occlusion 


The pinnate arrangement of the muscle fibers and their attachments is such 
that pull on the tendon almost surely increases hydrostatic pressure within 
the muscle. Increased hydrostatic pressure might have completely occluded 
the flow through some areas of the muscle. Thus, the oxygen consumption of 
the muscle would be reduced by the amount of muscle that was not being per- 
fused. To test whether occlusion of flow would produce an oxygen consumption 
pattern resembling that of stretch, four experiments were done in which the 
entire flow to the muscle group was slowed or stopped by a tourniquet around 
the upper thigh. Occlusion was maintained for the same length of time as 
stretch, i.e., 20 minutes. Oxygen consumption was followed in the same manner 
except during complete occlusion when there was no flow. When occlusion was 
released there was an immediate reactive hyperemia and increased oxygen 
uptake. Measurements of areas under the respective curves showed that the 
volume of extra oxygen taken up after occlusion was at least equal to the debt 
incurred during occlusion (Fig. 3C). 


Absence of Muscular Activity During and After Occlusion 


It will be noted that although stretch and occlusion both produced de- 
creased oxygen consumption the two differed strikingly in that there was little 
or no debt repayment following release of stretch. One conceivable explana- 
tion for increased oxygen consumption and apparent debt repayment follow- 
ing release of occlusion was that increased muscular activity may have been 
stimulated by release of occlusion since such increased activity has been ob- 
served following 30-minutes occlusion of the human forearm (10). To test this 
possibility, bipolar electrodes were placed in the muscle group of the dog and 
muscle action potentials were displayed on a cathode ray oscilloscope. There 
were no action potentials in the preparation at rest, during 20 minutes of 
occlusion or following occlusion. Thus it would seem that increased muscular 
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activity cannot account for the increased oxygen consumption following oc- 
clusion. 


Effect of Occlusion During Stretch 


In two experiments flow to the leg was occluded during stretch. After a 
period of measurement of oxygen consumption at rest the muscle was stretched 
for ten minutes. Blood flow to the leg was then occluded for fifteen minutes 
while muscle stretch continued. Release of occlusion during stretch resulted in 
hyperemia and increased oxygen uptake similar to that when there was no 
stretch (Fig. 3F). After recovery from occlusion stretch was released and oxy- 
gen consumption returned to the previous resting rate. It was observed that 
the amount of extra oxygen taken up after the occlusion was released was but 
slightly larger than the debt produced during occlusion and was smaller than 
the total debt incurred during stretch plus occlusion. This observation indi- 
cated that stretch did not prevent increased blood flow and oxygen uptake 
induced by ischemia. 

DISCUSSION 


Viewed in broadest terms, oxidative metabolism supplies energy for syn- 
thesis and repair, transport of substances against concentration gradients 
and muscular contraction. It is conceivable that the inactive contractile 
mechanism requires energy for maintenance in a state ready to contract. This 
stand-by function plus maintenance of concentration gradients across various 
membranes may indeed account for a large part of the energy requirement of 
resting muscle. 

Oxygen consumption of resting muscle may vary with changes in energy 
expenditure of the muscle, or with metabolic shifts to pathways that utilize 
more or less oxygen to meet constant energy requirements, i.e., changes in the 
efficiency of utilization of oxygen or a combination of these two. In the first 
instance one can visualize changes in energy expenditure which would or would 
not be reflected in the rate of oxygen consumption depending on the direction 
of a simultaneous change in the efficiency of oxygen utilization. Since the 
preparation did not provide data susceptible to an approximate thermody- 
namic analysis, these possibilities remain unevaluated. 

What other explanations may account for the fall in oxygen consumption 
that accompanies stretch? The phenomena that have been considered are that 
the hypometabolism during stretch is (1) apparent only and not real, (2) the 
result of lowered partial pressure of oxygen (P,,) in the muscle tissue, and 
(3) owing to an actual fall in cellular requirement. 

1. Three possibilities that might create an apparent fall in oxygen consump- 
tion during stretch are errors in blood flow measurement, utilization of oxygen 
stores in the muscle, and locally incomplete oxidation which is completed at 
another site. 
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If part of the venous outflow from the muscle were diverted into other areas 
and not into the flow meter the result, discussed above, would be a fall in 
blood flow with no change in A-V oxygen difference and a consequent fall in 
the computed oxygen consumption. However, the fluorescein experiments 
make it apparent that the entire venous drainage from the muscle was in fact 
measured. 

All muscles contain a certain amount of myoglobin which can release stored 
oxygen when the tissue P,, falls. If these stores were large enough the muscle 
could utilize the oxygen from them during stretch thus extracting less oxygen 
from blood perfusing the muscle and thereby creating an apparent decrease 
in the rate of oxygen consumption as measured by A-V difference and flow. 
Although no data are available on the storage capacity of dog muscle there 
are relevant data on the oxygen storage of cat soleus muscle (11). The calcu- 
lated storage capacity for cat soleus is 6.6 yul./g. If this capacity is assumed to 
describe the approximate storage capacity of similar muscles in the dog, then 
it would appear that the average oxygen debt from 20 minutes of stretch (42.1 
ul./g.) is some six times more than can be accounted for by utilization of 
stores. Furthermore, if provision of oxygen from stores accounted for a normal 
consumption in the face of an apparent decrease, as described by Millikan for 
the cat soleus, a period of heightened consumption should appear. This, in 
fact, did not occur. 

When oxygen supply is reduced muscle is capable of supplementing its 
energy production by anaerobic metabolism producing lactate to be metabo- 
lized at another site. The oxygen consumption in muscle then would be reduced 
by that portion of the oxidative metabolism that was completed elsewhere. 
In two preliminary experiments, muscle lactate production was estimated by 
measurement of blood flow and lactate A-V difference. Although there ap- 
peared to be some increase in lactate production during and after stretch, 
calculation based on standard values for complete combustion of glucose and 
of lactate did not support the possibility that more than about 10 per cent of 
the total energy debt could have been met by anaerobic glycolysis in these 
two experiments. 

2. There are observations which have been interpreted to indicate that low- 
ered Po, in muscle tissue results in lowered oxygen consumption, either by 
restricting blood flow or by reducing the capillary diffusing surface (12, 13, 14, 
15). That lowering muscle Po, is unlikely to be the explanation of the stretch 
phenomenon is indicated by the following relationship. From the Fick equa- 
tion it can be seen that in meeting a constant oxygen requirement when the 
arterial P., is constant, the venous Po, must fall as the flow decreases. Owing 
to the relation between blood and tissue oxygen, a fall of the tissue P., must 
be reflected in the Po, of venous blood. It has been demonstrated in a some- 
what different experimental preparation that as Po, falls below 50 to 55 mm. 
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Hg oxygen transport declined and oxygen consumption decreased (16). By 
contrast in the present preparation resting oxygen consumption remained un- 
changed even when the Po, of venous blood fell to an estimated 20 mm. Hg 
(Fig. 3A). However, if arterio-venous anastomoses exist in muscle, a possi- 
bility that has been proposed (12) but never demonstrated anatomically (17), 
then if tissue Po, were indeed low during stretch this change would have been 
obscured by mixing of hypoxic blood from muscle cells with arterial blood 
which had passed through shunts. The occlusion experiments verify the ob- 
servation that when the oxygen consumption falls during a period of inade- 
quate supply of oxygen, the deficit is repaid when the oxygen is again supplied 
in sufficient quantity (18). This is not so with stretch, and it would seem that 
some factor other than uniform lowering of Po, of the tissue caused the fall in 
oxygen consumption. 

Another explanation of the fall in oxygen consumption during stretch is 
based on the possibility that oxygen consumption of muscle is determined by 
supply, and that within certain limits the oxygen consumption at any given 
time is a result of the number of functional capillaries and the Po, and flow 
rate of the blood passing through them. If, when the muscle is stretched, por- 
tions of the capillary bed were partially or completely occluded, flow through 
these vessels might be slowed or stopped, decreasing the availability of oxygen 
to the parts of the muscle that they supply. Under these conditions the oxygen 
consumption would fall during stretch and then return to the previous resting 
rate with no debt repayment, because flow returned only to the previous level. 
By contrast, following occlusion there is reactive hyperemia, a high flow 
through more capillaries, with a resultant increase in oxygen consumption. 
The fact that the excess oxygen consumption after occlusion was equal to the 
debt created during occlusion may then be the result of the fact that the flows 
were equal. This explanation of the decreased rate of oxygen consumption 
during stretch is applicable to the decreased rate of oxygen uptake during 
sympathetic activity (12, 13, 14, 15), the diving reflex (19), lowered blood 
flow (18) and lowered arterial Po,. If the oxygen consumption of muscle is 
supply dependent then in view of the stability of oxygen consumption during 
large changes of blood flow in resting muscle, there must be an excellent regu- 
lation of the distribution of flow through metabolizing and non-metabolizing 
areas, and this, in turn, presupposes A-V anastomoses in muscle. 

3. It is possible that there is a real lowering of the metabolic needs of muscle 
cells while they are stretched. The speculative assumption is made here that 
energy is spent in keeping the contractile proteins in their partially extended 
state. If part of this energy were now furnished by an external source, stretch, 
it is possible that the saving to the internal source would be reflected in a 
lowered rate of oxygen consumption. It is difficult to align with this hypothesis 
the observed fact that the fall of oxygen consumption does not occur consist- 
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ently below a critical level of stretching force. However, a further assumption 
may be made that at and above a critical degree of stretch a sudden rearrange- 
ment, slip or extension of the protein chains may occur to a new configuration 
which requires less energy. The fact that the resting length tension relation 
is determined by the sarcolemma (1, 20) may make it misleading to quantitate 
the amount of stretch in terms of force, since the critical factor may be the 
actual length of the muscle fibers. 

Another proposal envisions an effect of stretch on the properties of the mus- 
cle membrane itself. It has been shown that both sodium efflux and excita- 
bility of frog muscle are altered by passive stretch (21, 22), suggesting that 
stretch itself may have profound effects on processes requiring energy for 
maintenance. 

Stimulation of sympathetic nerves may reduce oxygen consumption as a 
response of muscle to impulses from certain nerve fibers. Stretch may trigger 
the same mechanism locally by axone reflex. The possibility exists, since au- 
tonomic fibers alter metabolism in secretory cells, that they may have an 
effect on muscle as well. Although anatomical evidence does not favor this 
possibility and there is no evidence other than the response to sympathetic 
activity previously reported (12, 13, 14, 15) there is no evidence that definitely 
excludes this possibility. 


SUMMARY 


When the gastrocnemius-plantaris muscle group of the dog was stretched 
by tensions slightly greater than 100 g. per g. of muscle the rate of oxygen con- 
sumption fell on the average to half of the resting rate and remained at this 
low level until tension was released. When the tension was released the oxygen 
consumption returned to the previous resting rate with little payment of the 
oxygen debt created during stretch. In the preparation studied the rapid and 
complete repayment of the oxygen debt following complete or partial occlu- 
sion was not observed following stretch. It would seem that stretch reduced 
oxygen consumption by some mechanism other than relative anoxia due to 
generalized circulatory interference. 
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1-1 
The present study of the effect of hyperthyroidism on limb regeneration 


in the salamander stems from an interest in factors which cause animals to 
lose this remarkable regenerative capacity. The frog tadpole loses the ability 


to regenerate a limb at the time of metamorphosis and, since thyroid hormone an 
brings about metamorphosis, it has been natural to speculate that this hor- 
mone might play a réle in the loss of this ability (see review by Lynn and ttt 
Wachowski (1)). Thyroid and pituitary preparations have been given to tad- le 
poles and studies made of limb and tail regeneration (2-10) with various th 
results. The effects of thyroid on limb regeneration in the tadpole (inhibition -a 
if thyroid is administered before amputation and acceleration if thyroid is 
given after the regenerate has begun to grow (6, 10)) are related to, and may 
be secondary to, the effects on metamorphosis of the preparation. In order to 7 
determine if thyroid itself has any direct effect on regeneration, we chose to pom 
administer the hormone to the adult salamander because this amphibian re- 1-11 
tains the power to regenerate its limbs after metamorphosis. Previous investi- : 
gations (11, 12) suggest that thyroid has a retarding effect on limb regeneration o 
in the salamander. Negative results have been reported (13, 14), which may be 
due to low dosage or treatment begun too late in regeneration. The present 
\ study is the first of a series to analyse more thoroughly the action of thyroid 4 n 
on limb regeneration in the salamander. It is the object of these experiments 1-11 
to explore the effects of different concentrations of thyroxine given at different : 
| times during regeneration. As 
MATERIALS AND METHODS vale 
The animals used in the experiments to be reported were aquatic adults of the species 0 


Triturus viridescens viridescens (common spotted newt). They were collected locally or 
obtained from a supply house (Turtox). Sodium L-thyroxine pentahydrate (Synthroid, 
contributed by Travenol Laboratories) was used in the majority of the experiments. Thy- | 
roxine crystals (Squibb) and desiccated thyroid (Squibb) were also employed briefly. The _ 


newts were kept in glass or plastic containers holding 4000 ml. of water and 10 animals each. 
Individual animals were identified by charts of their pigment patterns. The appropriate stay 
amount of a fresh stock solution of thyroxine (10 mg. in 95 ml. of distilled water and 5 ml. ~., 
of 1 per cent NaOH) was added to the water in which the newts were kept each time it was 
changed (every other day). The concentration 1-10~* had no effect on molting in prelimi- a 
nary experiments (molting is one index of thyroid activity in Triturus (15)). The concen- - 
trations 1-10~? and 1-10~*, which increase molting, were used in the experiments to be re- vee 


262 








ti- 
on 


nt 
vid 
nts 
ant 


hy- 


late 


was 
imi- 
cen- 
. re- 





THYROID AND REGENERATION 263 


TABLE I 
Summary of the Experiment‘ 





| Da al No. of Animals Alive at: 
Treatment —- ey | Time of Treatment _ — 
| | Begun | Beg. \amp.| 9 

| 





s|7|a2 


wk. f| =. . | whe} wi. 








Group A. Conti: s Treatment 


















































| | | | 
1-10-7 thyroxine | S(1) | G.B.S. | Begun 1 mo. pre- | 1/s4| 21 | 17| 11] 11| 8) 6 
amp. 
6(1) G.B.S. Begun 2 mos. pre- | 1/54 | 21 | 11 | 7 6; 6| * 
amp. ia 
Desic. Thyroid 7(1) | Local | — 1 wk. pre- | 3/54|15|15|15| 11| 8) * 
| am | 
7(2) | Local | sae 1 mo. pre- | 3/54 | 15/15) 9| 8|*|* 
lee: “ahead haw 
1-10~7 thyroxine fol- | 5(2) G.BS. | 10-7 begun at amp. | 2/54 | 19| 19| 13 | 12|7)0 
lowed by 1-10-* | 10°, 5 wk. 
thyroxine 6(2) G.B.S. | 1077 for 5 wks. aa 2/54 | 19 | 11 ii 2G * 
| amp. 10~atamp. 
1 10-* thyroxine 7z(1) Local | Begun 3 wks. post- | 4/54 5 | S| S| S|2)0 
| amp. 
72(2) | Local | Begun at amp. ayse | 5| 5 | o|+|- 
Group B. Discontinuous 
1-10~* thyroxine for | 8(1) Local | Begun 9 das. pre- | 7/54 | 19 | 19 18; 4 | 2|2 
5 wks. tapered for | amp. 
3 wks. then dis- | 8(2) | Disc. 2 wks. pre- | 7/54| 2| 2| 2] 2 | 2/\2 
continued amp. 
8(3) | Local | Disc. 6 mos. pre- | 7/84] 2] 2| 2] 2) 2) 1 
| amp. 
1-10~* thyroxine for | 4(1) G.B.S. | Begun at amp. 9/53 | 16} 16| 8} 8|7 
2 wks. | | } 
1-10-* thyroxine for | 4(2) | G.B.S. | Begun3 wks. post- | 9/53 | 16 | 16 | 16 12 | 7 | 6 
2 wks. tapered for | amp. . 4 
hee | | | | |_| 














1 The controls are not shown in this table (see text). Date Rx begun is given as month/year and 
refers to the time treatment was begun. Abbreviations: amp.—amputation; beg.—beginning; desic.— 
desiccated; disc.—discontinued; G.B.S.—General Biological Supply (Turtox); *—experiment dis- 
continued. 

? Time is given here as weeks after amputation. 


ported. (These concentrations readily produce metamorphosis in the tadpole.) Desiccated 
thyroid was fed as a mush mixed with liver by stomach tube, one 16 mg. tablet (0.2 per cent 
iodine) per newt three times a week (experiment 7). 

Animals were fed liver, ground beef or shrimp individually by forceps three times a week. 
The hyperthyroid newt has a poor appetite and loses weight, but starvation of controls did 
not affect regeneration and no attempt was made to withhold food, since starved newts 
frequently bite each other’s regenerates. In preliminary experiments (1951-52), various 
antibiotics and vitamins, different diets, boiled water and spring water, and cooler tempera- 
tures were tried, but no way was found to prevent the frequent deaths (Table I) of animals 
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receiving thyroxine. Large containers of tap water with green water plants to prevent fungus 
growth proved to be the healthiest environment. The continuous molting and poor condi- 
tion of the skin suggested that infection via the skin might have caused some of the deaths, 
but vital organs might have been affected. Taylor (16) noted small, white spleens in sala- 
manders dying after receiving thyroid transplants, but we did not find any striking abnor- 
malities in the organs of treated animals on gross examination. 

Amputations were through the middle of the radius and ulna in all of the experiments to 
be reported. Camera lucida drawings of the ventral aspect of the regenerating limb or limbs 
of every animal were made at weekly intervals for the first 7 weeks of regeneration and at 
less frequent intervals later (usually at 9, 12, 15 and 20 weeks). Where measurements of the 
size of the regenerates were made, a planimeter was used to obtain the area of the camera 
lucida drawing of the regenerate. For the purposes of reporting the observations, the follow- 
ing terms are used for regeneration stages in this report: (1) early blastema, comprising all 
changes prior to the onset of visible growth through the early bud stage (Singer, (17)), (2) 
cone stage (medium bud, (17)), at which time the proliferating blastema becomes conical 
in shape, (3) paddle stage, which is characterized by further proliferation, distal flattening 
of the regenerate and internal signs of early differentiation, (4) three toes, which first appear 
as small buds, (5) 4 toes, the final stage. The regenerate continues to grow for at least 6 
months after the final toe makes its appearance. When the amputation level is through the 


























TABLE II 
Effect of Thyroid on the Rate of Appearance of the Initial Stages of Regeneration' 
| 3 Wks. after Amp. | 4 Wks. after Amp. | 5 Wks. after Amp. 
Exp. No. Treatment re l | | | | l 
la | Sid jel Slo) ag leieal 8 e 
HBB eee Gee 
owe —} — || —! —— } — -| —, — | —] —-| —, —— | ——]|-— 
5(1) | 1-107? from preamp. \6 3| 2 | l3|4|4 | | | |s |3 13 
5(2) | 1-107? from amp. 6|5|2 13) 4/5 | | | 13 |4 | 5 
SC | Controls | 3| 8] 2| | jojs jaf | la [3 [8 
= | 
6(1) 1-10~7 from preamp. 2/1/3/1 Rie ye is | 1 |4 | 1 
6(2) 1-10-* from amp. 1/3 UR tb 1 i 
6C Controls 2/}6|2 iZzis + 2 1 7 
7z(1) | 1-10-* from 3 wks. 1;3)1 1/3 /}1 812 12 
7(1) Desic. thyroid 3/8/3)]1 Si aS 4 we ae 
7C(1) | Controls 1/4;4/1 4/6 1 3 | 6 
7z(2) | 1-10-* from amp. 4 2 
7(2) Desic. thyroid 7,;1/)1 4/1 3 }4/1 
7C(2) | Controls 2\4)4 1/3) 6 4.15 
8(1) 1-10-* from preamp. 9/4/;4/1 21512 2* yg 
8C(1) | Controls 2;2)5 1/8 9 
4(1) | 1-10-* to 2 wks. 7/4 | 3/15 2/4 /1 
4C | Controls 5 |6 












































5|4|4 Ste? 1S 





1 For each experiment listed, the number of regenerating limbs in each stage is shown at 3, 4 and 
5 weeks after amputation. E.B.—early blastema. Pad.—paddle. T.—toes. *—stunted, abnormal 
regenerates. See Table I for further explanation of treatment and abbreviations. 
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forearm, the cone usually forms about two to three weeks after amputation, the paddle 
several days later and the toebuds 4-5 weeks after amputation. In one experiment regenera- 
tion was more rapid (8(1), Table II), although the temperature was the same (23°C.; A 
constant temperature box was used). These animals were collected locally in a drying pond 
in the summer and were unusually vigorous. After they had been in the laboratory for 
three months, their limbs regenerated at the normal rate. 

This paper deals with 234 regenerating limbs, of which 81 were controls, and each of which 
was followed individually with camera lucida drawings. These limbs are divided into a 
series of experiments (Table I). With the exception of experiment 4(2) which will be de- 
scribed later, the control and experimental newts had their limbs amputated at the same 
time and were kept in the same kind of containers and at the same temperature (approxi- 
mately 23°C.) in each experiment. In every experiment, the control and experimental newts 
were from the same source and had been in the laboratory the same length of time. It was 
found important to control all of these variables, not just temperature, if regeneration rates 
were to be compared. 

Detailed histological observations were made on 40 selected limbs from the experiments 
in Group B. These limbs were representative of all stages of regeneration from one week to 
33 weeks after amputation. All limbs were serially sectioned and reconstructions were made 
of the older limbs by means of camera lucida drawings of the sections. Sections were 10 yu in 
thickness and stained with Harris’ hematoxylin and eosin. Limbs were fixed in Bouin’s 
fluid. 


RESULTS 
A. Continuous treatment 


In this section, experiments using thyroxine or desiccated thyroid continu- 
ously from the time treatment was initiated throughout regeneration until 
termination of the experiment will be described. It was found that weak con- 
centrations of thyroxine (1-10-’) or desiccated thyroid delayed the onset of 
proliferation of the blastema slightly, but had little permanent effect on the 
regenerate. Preliminary experiments with a thyroxine concentration of 1-10-* 
indicated that the higher dosage had a greater inhibiting effect. Section B will 
deal with further experiments using the higher dosage. It is important, how- 
ever, to consider the mild effects of the low concentration because they are 
in the same direction as the effects of the higher concentration, which both 
gives validity to the results and helps to explain the mechanism of action of 
the drug. Table I gives the details of the experiments. Figure 6 summarizes 
the results. 

Experiments 5(1) and 5(2). Thyroxine 1-10~* was administered to 21 newts 
(see materials and methods) throughout the experiment and the left forearms 
of 17 surviving animals were amputated one month after beginning treatment 
(experiment 5(1)). Amputated at the same time were the left forearms of two 
other groups of newts which had been kept under identical laboratory condi- 
tions (see materials and methods) without the thyroxine: the first group (5C) 
consisted of 15 control newts; the second group (5(2), 19 newts) was begun on 
thyroxine 1-10’ at the time of amputation. The results were not striking. 
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There was a mild but definite delay in the onset of growth in the treated cases. 
Table II expresses this as number of limbs in each stage of regeneration at 3, 
4 and 5 weeks after amputation. Treatment with thyroxine prior to amputa- 
tion (5(1)), did not produce any greater effect than treatment begun at ampu- 
tation (5(2), Table II), contrary to what might have been expected from 
certain investigations of the effects of hormones on regeneration (6, 10, 18). 
When the experiment was terminated 12 weeks after amputation, there was 
no significant difference in size or differentiation between the control and 
experimental groups (5C and 5(1)). 

Experiments 6(1) and 6(2). The right forearms of the same groups of newts 
were amputated 5 weeks after the amputation of the left forearms (above). 
Thyroxine 1-10-’ was continued in the initial group (5(1) newts) to give a 
group which had been pretreated for slightly over two months pre-amputation 
continuing on the same dosage of thyroxine (experiment 6(1)). Since this 
concentration had not affected regeneration very greatly (see above), the 
thyroxine dosage was raised to 1- 10~* at the time of amputation in the remain- 
ing group of experimentals (6(2)). Ten of the controls were amputated (6C). 
The results are shown in Table II. Beginning thyroxine two months before 
amputation (6(1)) gave about the same result (slight retardation of initial 
proliferation) as beginning this dosage one month before amputation (5(1)). 
On the other hand, the regenerates of the animals receiving the higher concen- 
tration (6(2)) grew very little (Table II). Death of the animals terminated 
this experiment (6(2)) a little over 5 weeks after amputation, but the two 
regenerates of the animals that survived to that time were greatly stunted. 

Experiments 7(1) and 7(2). One week before amputation of the right forearms 
(7(1)), 15 newts were begun on desiccated thyroid feedings (see materials and 
methods). Three weeks after the amputation of the right forearms, the left 
forearms were amputated (7(2)). The right and left forearms of 10 control 
newts were amputated at the same times (7C(1) and 7C(2)). The results of 
this treatment were similar to the results with the low concentration (1- 10-’) 
of thyroxine and consisted of a slight delay in the initial onset of proliferation 
of the regenerate (Table II). Differences in delay between the two experiments 
are not significant, since it is difficult to give a constant dosage when feeding 
thyroid. 

Experiments 72(1) and 72(2). A second group of experiments was run in 
conjunction with 7(1) and 7(2) in order to study the higher concentration of 
thyroxine further. A group of 5 newts were begun on thyroxine 1-10-* three 
weeks after amputation of the right forearms (7z(1), controls 7C(1)). At the 
time thyroxine was begun, the left forearms were amputated (7z(2), controls 
7C(2)). The limbs which had been allowed to regenerate for three weeks before 
therapy was begun (7z(1)) were in the cone, paddle or toebud stage (Table II) 
when thyroxine was begun and they continued to grow and differentiate at 
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the same rate as the controls. The survivors were slightly smaller than the 
controls. On the other hand, the limbs which had been treated with this high 
concentration of thyroxine from the time of amputation (7z(2)) showed no 
growth during the course of the experiment (terminated 4 weeks after amputa- 
tion by death of the animals). 


B. Discontinuous treatment 


Since it was desirable to explore more fully the effects of the higher concen- 
tration of thyroxine, additional experiments were done in which the drug was 
administered for a shorter period of time. This approach, which permitted the 
animals to be followed longer, was very revealing. Most important was the 
fact that regenerates treated during the stage of proliferation and differentia- 
tion were not able to recuperate from the effects of treatment (experiments 
8(1) and 4(2)). 

Experiments 8(1), 8(2) and 8(3). Nineteen newts were begun on thyroxine 
1-10-* 9 days before amputation of the right forelimb (experiment 8(1)). Four 
weeks after amputation, the concentration of thyroxine was gradually lowered 


THYROXINE BEGUN 9 DAYS BEFORE AMP., TAPERED AT 1/1,000,000 
4 WKS., DISCONTINUED AT 7 WKS. CONC. 








TIME IN WEEKS FOLLOWING AMPUTATION 


Fic. 1. Camera lucida drawings of regenerating limbs. The solid black line represents 
duration of treatment. Arrow indicates amputation level. Experiment 8(1). 
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Fic. 2. Effect of thyroxine 1-10~* on the size of regenerating limbs. The size of the re- 
generate is represented by the area of its camera lucida drawing (as square inches of an un- 
magnified drawing) on the ordinate. Time in weeks after amputation is indicated on the 
abscissa. Each regenerate in the treated group is shown as a clear circle and in the control 
group by a solid circle. Thyroxine was begun 9 days before amputation, tapered at 4 weeks 
(a), and discontinued at 7 weeks (b). Experiment 8(1). 


(5- 10-7 for three days, 2.5- 10-7 for two days, 1-10~7 for 10 days, 5-10-* for 
7 days) and then discontinued (at 7 weeks post-amputation). Nine controls 
(8C(1)) were amputated at the same time (right forelimbs). As can be seen 
in Table II, treatment produced a considerable delay in the appearance of the 
initial stages of regeneration. Figure 1 illustrates this effect (camera lucida 
drawings of a typical experimental case and a typical control). After thyroxine 
was tapered at 4 weeks post-amputation, the treated regenerates continued 
to grow slowly, but they did not recover from the effects of treatment (Figs. 2, 
19, 20). More striking than the size effect was the fact that differentiation was 
abnormal. The histological section is devoted to an attempt to elucidate this 
finding. 

The left forearms of the two newts that survived treatment (8A5, 8B8) were 
amputated two weeks after thyroxine was discontinued (8(2)). The left fore- 
arms of the nine original controls were amputated at the same time. The con- 








trol . 
and 

amp 
the i 
time 
forel 
(one 
trols 
and 

affec 


furt! 
men 
of tl 
rege 
Sixt 
shov 


befo 











for 
ols 
en 
the 
ida 
ine 








THYROID AND REGENERATION 269 


trol and experimental rates of regeneration were essentially identical (Fig. 3) 
and the resulting regenerates normal, although slightly smaller 23 weeks after 
amputation, when the experiment was terminated. Thirty-two weeks after 
the initial amputation (8(1)) of the right forelimbs of these animals, by which 
time growth had ceased and ossification begun in the regenerates, the right 
forelimbs of 8A5 and 8B8 were reamputated through the abnormal regenerates 
(one mm. distal to the previous level of amputation). The reamputated con- 
trols and experimentals regenerated at the same rate, differentiated normally 
and were similar in size (experiment 8(3)). The previous treatment had not 
affected the ability of the cells to grow after a new amputation. 

Experiments 4(1) and 4(2). It is possible to explore the effect of thyroxine 
further by limiting the dosage to particular periods in regeneration. In experi- 
ment 4(1), 16 newts were begun on thyroxine 1- 10~* at the time of amputation 
of the right forelimb and two weeks later thyroxine was discontinued while the 
regenerates were still in the early blastema stage (temperature 20-23°C.). 
Sixteen controls (4C) had been amputated at the same time. The experimentals 
showed a delay in the onset of growth (Table II), but no permanent effect was 


THYR NE ISCONTINUED 2 WKS. BEFORE AMP. 1/1 COO9CO 
Ox! PREVIOUS TREATMENT 8 WKS"? DURATION "Conc. 
(@ includes 3 wks. of tapering) 





TIME IN WEEKS FOLLOWING AMPUTATION 


Fic. 3. Camera lucida drawings of regenerating limbs. Treatment was discontinued 
before amputation. Arrow indicates amputation level. Experiment 8(2). 
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THYROXINE BEGUN AT TIME OF AMPUTATION 141,000,000 
DISCONTINUED AT 2 WKS. CONG. 





Fic. 4. Camera lucida drawings of regenerating limbs. Duration of treatment is shown 
by the solid black line. Arrow indicates amputation level. Experiment 4(1). 


produced and at 20 weeks post-amputation the experimentals showed essen- 
tially the same growth and differentiation as the controls. Figure 4 illustrates 
the results with typical camera lucida drawings during the course of the 
experiment. 

In experiment 4(2), a group of 16 newts was given a two week course of 
thyroxine 1-10-* beginning three weeks after amputation of the right fore- 
limbs (temperature 18-19°C.), at which time the regenerates were still in the 
early blastema stage, but about to begin proliferation (Fig. 8). Thyroxine was 
tapered 5 weeks after amputation (to 5- 10-7 then 2-10-") and discontinued 
6 weeks after amputation. Figure 5 illustrates the results. The treated re- 
generates proliferated unusually slowly and differentiated abnormally. Fifteen 
weeks after amputation, three of the 6 survivors had permanently small, 
paddle-shaped regenerates. The other three were stunted, but possessed toes 
which showed various degrees of abnormality. There was little further change 
at 23 weeks post-amputation, when the experiment was terminated. This 
experiment resembles experiment 8(1), with which it has in common the fact 
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THYR NE BEGUN 3 WKS. POST AMP., TAPERED 1/1,000,000 
oe AT 5 WKS.,DISCONTINUED AT 6 WKS. Conc. 








S 4h 
TIME IN WEEKS FOLLOWING AMPUTATION 


Fic. 5. Camera lucida drawings of regenerating limbs. Duration of treatment is shown 
by the solid black line. Arrow indicates amputation level. Experiment 4(2). 


that the stage of proliferation and differentiation was treated. Figure 6 sum- 
marizes the results. 


C. Histological observations 


Regenerating limbs one to six weeks after amputation (Thyroxine 1-10-*). 
Between one and two weeks after amputation (Fig. 7) the thyroxine treated 
regenerating limbs, like the controls, accumulate blastema cells by apparent 
dedifferentiation of the old tissues. Epithelium piles up over the cut ends of 
the bones in mounds 8-10 cells deep. Muscle and other inner tissues go through 
the usual steps of dissolution and transformation. 

By three weeks of age, proliferation was well underway in all of the controls 
in experiment 8(1), many of the regenerates having formed toes. Half of the 
18 treated regenerates had not begun to grow and were still in the early blas- 
tema stage (Table II). Histologically, this retarded blastema is not strikingly 
abnormal (Figs. 9, 10), its main feature being that it has not begun to pro- 
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Fic. 6. Summary of the results of the experiments reported in this paper. The amounts 
and durations of treatments are indicated by the horizontal bars. Abbreviations: abn.— 
abnormal; amp.—amputation; dediff.—dedifferentiation; diff.—differentiation; prolif.— 
proliferation; signif.—significant. 


iferate appreciably. The cartilage differentiation around the ends of the cut 
bones (Figs. 9, 10) is normal in amount for this stage. 

By 4 weeks of age, all of the controls in experiment 8(1) had formed toes, 
whereas most of the thyroxine treated regenerates were in the paddle stage 
(Table II). Proliferation, though retarded, has occurred (Fig. 11). Cartilage 
differentiation, however, is more advanced in the thyroxine treated “paddle” 
(Fig. 11) than is usual for the paddle stage (Fig. 14) of regeneration. The 
amount of cartilage in the treated regenerate is not, however, unusual for this 
age, as all of the controls had formed toes and would be at least as advanced 
as the untreated regenerate shown in Figure 13. The difference would seem 
to be that by the time a control has differentiated this much cartilage the 
distal end is growing rapidly and digits have appeared. Indeed, it can be seen 
by comparing Figures 11 and 14 that the untreated paddle has laid down a 
larger distal mass (toe region) in proportion to the rest of the regenerate than 
has the treated paddle, yet the treated regenerate, in accordance with its age 
and not prematurely, has already differentiated cartilage in the carpal region. 
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A little later, the abnormalities in the cartilage pattern become more appar- 
ent (experiments 4(2), 8(1)). In normal regeneration, the carpals differentiate 
out of a pre-cartilage mass (Fig. 14) as distinct entities separated by layers of 
condensed cells (Fig. 13) which later differentiate into connective tissue mem- 
branes (Figs. 17, 21). There is, however, a tendency in thyroxine treated 
regenerates for these condensed cells between the carpals to become cartilage 
(Fig. 12), which may explain the “fused” pattern seen in some older regenerates 
(Figs. 18, 22). The cartilage of the distal region differentiates, although the 
number of cells here is deficient, and abnormalities result in the metacarpals 
and phalanges (to be described below). The other tissues in the regenerates 
4-6 weeks of age do not present as definite a picture of abnormality. Muscle 
differentiation has not progressed very far at this stage. The epithelium is 
thinner than normal due to the continual molting. 

Regenerating limbs 17 to 33 weeks after amputation (Thyroxine 1-10-*). The 
regenerates treated during the phase of proliferation and differentiation 
(Figs. 1, 5) did not recover from the effects of treatment described above. 
Figures 15 and 16 show two of the regenerates in experiment 4(2) which re- 
mained paddle-shaped and Figure 17 shows a control from the same experiment 
at a similar age. The abnormal regenerates are composed primarily of carti- 
lage, which has differentiated in an abnormal pattern. The carpals tend to be 
long and abnormally shaped and are deficient in number. Distal elements are 
deficient and limited to one or two abnormal metacarpals in the limbs which 
remained paddle-shaped. Muscle is deficient. One of the treated limbs which 
developed 4 toes (stunted) is shown in Figure 18. Three of the metacarpals 
are fused together, the phalanges are incomplete, and the carpals are deficient 
and abnormally shaped. 

Figures 19 and 20 show the external growth of the limbs illustrated in 
Figures 21, 22 and 23 (experiment 8(1)). Thyroxine was discontinued at about 
the time of the first photographs (Fig. 19), at which time abnormal differentia- 
tion was apparent in the treated cases. After thyroxine was discontinued, some 
growth occurred (Fig. 20) but the effect was essentially permanent. Histologi- 
cal sections of these regenerates 32 weeks after amputation (Figs. 22, 23) reveal 
abnormally shaped carpals deficient in number, sometimes fused and generally 
so unusual as hardly to deserve the name carpals. There are two abnormal 
cartilages approximating metacarpals and a small “phalanx’’ in each of these 
limbs. Ossification has begun in the controls of this age (Fig. 21) and is be- 
ginning in the treated regenerates (Figs. 22, 23). Muscle is deficient in the 
treated regenerates. The epithelium is essentially normal. (Figs. 21, 22 and 23 
are magnified 25 X, whereas the preceding photomicrographs are magnified 
50 x.) 

The main features of the histological abnormalities resulting from thyroxine 
(1.10-*) treatment during the period of proliferation and differentiation can 
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be summarized as follows: (a) the pattern of cartilage differentiation is ab- 
normal; (b) the amount of cartilage present seems excessive relative to other 
tissues formed, but the total cartilage mass is not any greater than that in the 
controls and cartilage does not form prematurely; (c) there is a tendency to- 
ward local overgrowth of cartilage, as evidenced by fusion of carpals and other 
elements. 


DISCUSSION 


The use of different concentrations of thyroxine in different periods of re- 
generation permits certain tentative conclusions about the action of thyroxine 
in regeneration to be drawn. In the first place, treatment with thyroxine 
(1-10-*, 1-10-’) prior to amputation of the limb did not significantly inhibit 
or contribute to inhibition of adult Triturus limb regeneration, contrary to the 
situation in the frog tadpole, where thyroid therapy in weak dosage given 
prior to amputation completely inhibits limb regeneration (6, 10). Thyroid- 
ectomy and thiourea have various effects on regeneration in the frog tadpole 
(19-21), but thiourea does not restore regenerative capacity once lost (21). 
In the salamander, thyroidectomy causes retarded or abnormal regeneration 
(22, 23). It seems unlikely that thyroid hormone itself is directly involved in 
the loss of regenerative capacities by higher animals. The changes produced 
by thyroid in the frog would seem to be specific for the frog. 

Regarding the effects of thyroxine given during regeneration of the limb 
(Fig. 6), several comments can be made. Of importance in interpreting these 
results is the fact that the doses of thyroxine used were toxic to the newts. The 
death rate (Table I) and poor condition of the newts cannot be correlated 
with the results in these experiments (Fig. 6), nor would non-specific toxicity 
be expected to inhibit regeneration (24). It seems likely, however, that thy- 
roxine in these high doses might have had a direct toxic effect on cellular 
metabolism in such a way as perhaps to interfere with mitosis or other activity 
of the regenerating cells. In this regard, it is interesting that a number of 
studies of the effect of hyperthyroidism on cellular division report a depressing 
effect (25-30). In the present experiments, thyroxine delayed and/or partially 
inhibited proliferation of the blastema. 

In addition to the delay in growth, thyroxine (1-10-*), if given during the 
stage of proliferation and differentiation, produced abnormal differentiation 
and stunting that were permanent even after treatment was discontinued. 
Abnormal, relatively excessive cartilage characterized such regenerates, but 
cartilage differentiation did not appear to be accelerated by the treatment (see 
section on histological studies) and, moreover, there was no evidence that 
thyroxine administered late in regeneration, prior to regeneration, or during 
only the first two weeks of regeneration had any effect on cartilage. These facts 
suggest that the abnormal cartilage differentiation might have been a secondary 
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effect of thyroxine given in this particular stage (early growth and differentia- 
tion) of regeneration. Indeed, histological observations (see section C) sug- 
gested that the balance between proliferation and differentiation was disrupted 
by treatment. At the time differentiation began (a time which was similar in 
controls and experimentals), the treated regenerates had proliferated less than 
the controls and were deficient in cellular numbers. The importance of a criti- 
cal mass or number of cells to normal differentiation in limb development 
has been pointed out by previous authors (31-33). It seems possible that in 
the present case the abnormalities resulted because an insufficient mass of 
cells was produced for correct differentiation of the cartilage pattern. The fact 
that the whole pattern of the regenerate is laid down in a narrow range of time 
after proliferation first begins would explain the permanency of the abnor- 
malities. 

The idea that a disturbance in the balance between proliferation and differ- 
entiation might cause regenerative abnormalities is not a new one. The histo- 
logical picture here strikingly resembles that of the best limb regenerates 
artificially induced in frogs (34, 35) and Singer (36, p. 457) suggests, in relation 
to nerve-induced heteromorphic limb regenerates in frogs, that “If by some 
means the growth potential of the induced regenerate could be enhanced 
further, or if the tendency toward early histogenesis be diminished, a 
regenerate of proportions and structure more like that of the normal limb may 
be obtained.”’ Fusion of carpals and other skeletal abnormalities have been 
reported in salamander limb regenerates disturbed by a variety of causes 
(37-40), which might have in common some interference with the balance 
between proliferation and differentiation. 

It is conceivable (see discussions, 41, 42) that the formation of a thick con- 
nective tissue pad over the end of an amputated limb is a non-specific picture 
of non-regeneration. In this vein, we might suggest that the abnormal pattern 
of cartilage differentiation seen here is a non-specific picture of regeneration 
that got started, as it were, but lacked the necessary growth potential to 
reproduce the normal limb pattern. Indeed, workers who have tested a range 
of concentrations of beryllium, an agent capable of completely suppressing 
regeneration, have reported this second effect (heteromorphic regeneration) at 
lower concentrations (41, 43, 44). Moreover, it is possible to produce either 
complete suppression or heteromorphic growths by denervating the early 
blastema (45, 46). It could even be said that the untreated frog fits into the 
first category, no regeneration normally occurring, and that the stimulated 
frog limb (34-36) has been raised to the level of the second category, hetero- 
morphic regeneration. If this is a general rule, then one might expect to get 
the picture of non-regeneration with higher concentrations of thyroxine, if it 
is possible to inhibit mitosis completely with thyroxine. 

The results of the present experiment resemble those of denervation (45) 
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and partial denervation (46) and it is possible (as has been suggested for col- 
chicine, 47) that the action of thyroxine is via the nervous system. The fact, 
however, that denervation represses mitosis (17) would make it unnecessary 
to explain the similarity of these results by anything besides an effect on cell 
division. Although it is not in the scope of this discussion to review the litera- 
ture on the action of inhibiting agents on limb regeneration in salamander 
larvae, it is interesting that both colchicine (48) and x-rays (49, 50), agents 
capable of inhibiting cellular division, produce the same picture of regression 
as is produced by denervation (51). 

The final observation (Fig. 6), that it does not seem to be necessary to begin 
treatment of the regenerating adult Triturus limb until after amputation and 
wound healing are completed in order to produce abnormalities, has been 
reported for denervation (45) and seems to be true for beryllium (44). As a 
matter of fact, it is not necessary to denervate the regenerating limb earlier 
than 10-13 days after amputation (25°C.) to get complete suppression of the 
process and this period, which corresponds to the first peak in the mitotic rate 
of the blastema, has been called a “period of lability” by Singer and Craven 
(45, p. 303). Hypophysectomy, which suppresses regeneration partially or 
completely depending on the time performed, was thought to act on the wound 
healing process which lasts 5-6 days after amputation (42, 52), but recently 
it has been shown that replacement therapy is most effective when adminis- 
tered 15 days after amputation and least effective at the time of amputation 
(53). These facts would seem to point to the stage of initial proliferation of the 
blastema (10-20 days post-amputation) as a most important phase. 

In conclusion, the idea could be suggested that many of the inhibiting agents 
discussed above might have in common the ability to depress cellular pro- 
liferation. This one idea could tie together most of the results discussed. One 
could speculate that marked inability of the cells in a limb to proliferate might 
be followed by scar formation or even regression, whereas moderate but in- 
sufficient proliferation might fail to provide the volume of cells required for 
that delicate stage of differentiating the normal limb pattern. 


SUMMARY 


The present study of the effect of hyperthyroidism on limb regeneration in 
the adult newt, Triturus viridescens, stems from an interest in factors which 
cause animals to lose this remarkable regenerative capacity. Thyroid hormone 
brings about both metamorphosis and loss of the power of limb regeneration in 
the frog. Unlike the case in the frog, treatment with thyroxine prior to limb 
amputation did not prevent limb regeneration in the newt. It was found, how- 
ever, that thyroxine given during regeneration partially inhibited proliferation 
of the regenerate. Moreover, thyroxine (1-10-*) administered through the 
stage of proliferation and differentiation of the regenerates produced abnor- 
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mally differentiated, stunted regenerates which did not recover after treatment 
was discontinued. Yet, treatment begun after the limb had begun to grow and 
differentiate or discontinued before this stage did not upset differentiation. 
These combined studies, together with histological studies, suggest that the 
abnormal differentiation might have been a secondary effect of thyroxine given 
in this particular stage (early proliferation and differentiation) of regeneration. 
Indeed, the primary difficulty seemed to be that the regenerate lacked the 
normal quota of cells at the time of differentiation of the limb pattern. The 
effects of thyroxine are discussed in relation to other types of inhibition of limb 
regeneration in salamanders and it is concluded that these effects are not 
specific and may even be related in basic mechanism (inhibition of cell divi- 
sion). 
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PLATE 1 
EXPLANATION OF FIGURES 


Figures are unretouched photomicrographs. Magnification 50 

Fic. 7. Regenerating limb 8 days after amputation treated with thyroxine from time of 
amputation (B9, experiment 4(1)). 

Fic. 8. Regenerating limb (A1) in early b'!astema stage fixed at time (3 weeks) thyroxine 
was begun in experiment 4(2). 

Fic. 9. Retarded regenerating limb 19 days after amputation treated with thyroxine 
from time of amputation (8B2, experiment 8(1)). 

Fic. 10. Retarded regenerating limb 21 days after amputation treated with thyroxine 
from time of amputation (8B3, experiment 8(1)). 

Fic. 11. Retarded regenerating limb 31 days after amputation treated with thyroxine 
from time of amputation (8B9, experiment 8(1)). In the lower part of the picture, the ulna 
is on the left, radius on the right. 

Fic. 12. Retarded regenerating limb 34 days after amputation treated with thyroxine 
from time of amputation (8A8, experiment 8(1)). The carpal region and two of the abnormal 
metacarpals are shown (the limb had 4 small toes). The cartilage in the lower left-hand cor- 
ner is the end of the radius. 

Fic. 13. Control regenerating limb 27 days after amputation in early stages of differen- 
tiation. (IIIC1, experiment 5). The ulna and radius, not shown, are to the left and right, 
respectively. 
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PLATE II 
EXPLANATION OF FIGURES 


Figures are unretouched photomicrographs. Magnification X50. 

Fic. 14. Control regenerate 21 days after amputation in the paddle stage (8C8, experi 
ment 8(2)). The ulna is to the left and the radius to the right in the lower part of the picture. 

Fic. 15. Regenerating limb approximately 24 weeks (166 days) after amputation treated 
with thyroxine begun in the stage shown in Figure 8 (IA4, experiment 4(2)). The ulna is 
to the left and the radius to the right in the lower part of the picture. This limb was paddle- 
shaped when fixed. 

Fic. 16. Regenerating limb approximately 17 weeks (122 days) after amputation treated 
with thyroxine begun in the stage shown in Figure 8 (A11, experiment 4(2)). The ulna is to 
the left and the radius to the right. This limb was paddle-shaped when fixed. 

Fic. 17. Control regenerate approximately 22 weeks (151 days) after amputation (ITIB4, 
experiment 4). The ulna is on the left and the radius on the right. Only a part of this well- 
developed normal regenerate is shown in the section, 
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PLATE III 
EXPLANATION OF FIGURES 


Figures are unretouched photographs or photomicrographs at the magnifications indi- 
cated. 

Fic. 18. Regenerating limb 28 weeks after amputation treated with thyroxine begun in 
the stage shown in Figure 8 (IA3, experiment 4(2)). The ulna and radius, not shown, would 
be on the left and right, respectively. The first metacarpal is separate, but M2, M3 and M4 
(only part of which is shown) are fused. 50. 

Fic. 19. Regenerating limbs in experiment 8(1) 6 weeks after amputation. (a) 8A5 and 
(b) 8B8 were treated from 9 days pre-amputation to 7 weeks post-amputation with thy- 
roxine (tapered at 4 weeks). (c) is a typical control (8C1) from the same experiment. Arrows 
indicate the level of amputation. x8. 

Fic. 20. The regenerating limbs shown in Figure 19 at 23 weeks post-amputation. x8. 

Fic. 21. The regenerating control limb (8C1) shown in Figures 19(c) and 20(c) after 
fixation at 32 weeks post-amputation. The radius and ulna, not shown, would be on the 
left and right, respectively. The carpals which appear in this section are the ulnare-inter 
medium in the lower right corner, parts of the centrale, C1 and C2 (the radiale, C3 and C4 
not shown). X25. 

Fic. 22. The treated regenerating limb (845) shown in Figures 19(a) and 20(a) after 
fixation at 32 weeks post-amputation. Note the large distal carpal with which the two small 
metacarpals articulate. x25. 

Fic. 23. The treated regenerating limb (8B8) shown in Figures 19(b) and 20(b) after 


fixation at 32 weeks post-amputation. The two metacarpals and 4 of the 5 abnormal car- 
pals that formed are shown. X25. 
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The induction im vitro of calcification in rachitic rat cartilage matrix by 
bathing cartilage slices in artificial media was demonstrated by Robison in 
1923 (1). By use of similar techniques much information has accrued relative 
to the experimental requirements necessary for rachitic cartilage to calcify 
outside the confines of the living organism. It has been found that, for mineral 
apatite deposition to occur in vitro, various tissue enzymes must be present 
(2) (3) (4) (5). There must also be an adequate concentration of calcium and 
phosphorus in the bathing solution, else calcification will not occur (3) (6) (7). 

Oral feeding of salts of citric acid will induce healing of naturally occurring 
rickets in infants (8) (9) (10) (11) and of the rickets produced in rats by feeding 
of low phosphorus diets (12) (13). This curative effect occurs in rachitic infants 
despite persistence of a low serum phosphorus and an actual decrease in serum 
calcium concentration, these determinations being made at intervals of several 
days after institution of citrate therapy (8) (11). In a recent communication 
(14) it was reported that within three to six hours following the dietary admin- 
istration of citrates to rats made rachitic by low phosphorus diets, there was a 
sharp rise in the serum phosphorus concentration. Furthermore, calcification 
of cartilage slices from these rats, sacrificed a few hours after citrate adminis- 
tration, occurred in vitro at lower calcium concentrations in the incubating 
solution than were required for control rachitic cartilage slices. In addition, 
cartilage slices from rachitic rats given neutral phosphates intraperitoneally 
shortly before sacrifice also calcified im vitro at lower calcium concentrations 
than were required for slices from rachitic rats not receiving intraperitoneal 
phosphorus. This increased “‘calcifiability” of the cartilage slices from the citrate 
fed or phosphorus injected rachitic rats was demonstrable even though there was 
no histological evidence of cartilage matrix calcification at the time of sacrifice. 
On the basis of these observations it was suggested that, once the process of 
calcification in the cartilage matrix had commenced, crystals continue to be 
deposited despite concentrations of calcium and phosphorus in the environ- 
ment too low to initiate the process. The present experiments were designed to 
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extend these observations on the “calcifiability” of rachitic cartilage matrix 
following the induction of initial calcification by im vitro and in vivo techniques. 


METHODS 


Weanling, male, Wistar rats* were fed a high calcium, low phosphorus rachitogenic diet 
(Rachitogenic Diet #2, U.S.P. XII)‘ for 30 to 35 days. They were then sacrificed by a blow 
on the head, sections of the proximal tibiae were taken and immediately placed in the vari- 
ous inorganic solutions for incubation®, and one cartilage slice from each rat served as a 
control. The details of this method of inducing calcification in vitro have been published 
previously (7) (14). Slices were first placed in the solution of high calcium concentration 
known to induce extensive calcification of the cartilage matrix after 24 hours incubation, 
but were incubated in this solution for periods varying from only \% to 8 hours. The slices 
were then transferred into solutions with lower calcium concentrations for incubation dur- 
ing the remainder of the 24-hour period. To serve as additional controls, other slices were 
placed either in the solution of high or low calcium concentration for the entire 24-hour 
period. After incubation the slices were fixed in 95 per cent and absolute alcohol and stained 
with 1 per cent AgNO; for examination under a low power microscope. The amount of 
calcification of the cartilage matrix was graded 0 to 4+, according to a scheme presented 
by Marks, Hiatt and Shorr (15). It should be mentioned that, although this scheme is sim- 
ple and permits good correlation among different observers, it does not represent equal in- 
crements of calcification in that 1+ indicates a thin, discontinuous line of calcification, 
2+ a thin, continuous line, 3+ a broad zone of calcification across the width of the epiphy- 
sis, and 4+ indicates calcification throughout the cartilage matrix. 

In the second portion of this experiment it was desired to obtain rachitic cartilage slices 
in which a certain amount of healing (1+ to 2+ calcification) had been induced in vivo. 
McCollum ef al. (16) demonstrated that starvation of rachitic rats for three to five days 
resulted in extensive calcification of the cartilage matrix. A rise in serum phosphorus accom- 
panies starvation and the healing effect of starvation has been believed due to this rise in 
serum phosphorus (17). As the amount of calcification of cartilage matrix increases with the 
duration of starvation, variation in the starvation period affords a means whereby con- 
trolled degrees of healing may be induced. One group of rachitic rats subjected to starvation 
for the 12 hours preceding sacrifice showed no evidence of calcification in the cartilage 
matrix, but other groups subjected to starvation for the 24 hours preceding sacrifice in- 





* Obtained from Research Supply Co., Philadelphia, Pennsylvania. 

* Obtained from Nutritional Biochemical Corporation, Cleveland, Ohio. 

*The solution used for incubation was essentially that suggested by Robison (2), the 
final composition of which in mM. per liter is: Na 130, K 5.6, Mg 1.0, Cl 108.0, HCO, 
26.0, SO, 1.0. To this basic salt mixture a neutral solution of NasHPO, and NaH:PQ, was 
added in the amounts required to attain an inorganic phosphorus concentration of 5.0 mg. 
per 100 ml. in each incubating medium. After this phosphorus addition the solutions were 
equilibrated with 5% CO:-95% Os: before the addition of calcium; the amount of calcium 
added (as calcium chloride) was varied so as to achieve concentrations of 3.0 to 8.0 mg. 
per 100 ml., as indicated in Tables I and II. The pH of the final solution was checked with 
a Beckman pH meter prior to and after incubation, the pH range observed in these experi- 
ments being 7.33 to 7.48. A minimum of 10 ml. of incubating solution was provided for 
each cartilage section. Incubation was carried out in stoppered flasks at 37.5°C., and, by use 
of a rocking arm, gentle agitation of the solutions was maintained throughout the period of 
incubation. 
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variably showed a 1+ to 2+ calcification of the cartilage matrix. Thus a 24-hour period of 
starvation was selected as the method of inducing slight healing in vivo. Weanling, male 
rats were placed on the low phosphorus rachitogenic diet for 21 to 28 days and then starved 
for the 24 hours (water ad libitum) prior to sacrifice. One tibial slice from each rat served 
as a control. The remaining slices from the proximal tibiae were incubated for 24 hours in 
solutions with various calcium concentrations. As additional controls, tibial slices from non- 
starved rachitic rats were handled in the same manner. After 24 hours incubation, the 
slices were fixed in 95 per cent and absolute alcohol, stained with 1 per cent AgNO, and 
examined under a low power microscope. 


RESULTS 


Part I. Table I demonstrates that when fully rachitic cartilage slices are 
incubated for four hours in the standard medium (containing 5.0 mg. inorganic 
phosphorus per 100 ml.) with a calcium concentration of 8.0 mg. per 100 ml., 
there occurs a 0 to 2+ calcification in the cartilage matrix.* When cartilage 
slices were incubated for 24 hours in the medium with a calcium concentration 
of only 4.5 mg. per 100 ml., the degree of calcification varied from 1+ to 2+. 
When slices were incubated for four hours at a calcium concentration of 8.0 mg. 
per 100 ml. and then transferred into the solution with a calcium concentra- 
tion of 4.5 mg. per 100 ml. for 20 hours, the resulting calcification was invari- 
ably 3+, this degree of calcification being greater than that occurring either 
after four hours in the solution with a high calcium concentration or after 
24 hours in the solution of low calcium concentration. Incubation of rachitic 
cartilage slices for 24 hours in the solution with a calcium concentration of 
8.0 mg. per 100 ml. resulted in 4+ calcification of the cartilage matrix. Al- 
though the slices incubated first in the solution of high and then low calcium 
concentration did not show this maximum amount of calcification, the extent 
of calcification was appreciably greater than when the slices were incubated 
in the solution of low calcium concentration alone. 

Additional slices (not shown in Table I) were incubated for periods of 4 to 
4 hours in the solution with a calcium concentration of 8.0 mg. per 100 ml. and 
then incubated for the remainder of the 24 hours in solutions with calcium 
concentrations of only 3.0 or 3.5 mg. per 100 ml. These slices showed no in- 
crease in calcification over that which had been induced by the preliminary 
incubation in the solution of high calcium concentration. 

In the lower portion of Table I are the observations on slices from a single 
rat which happened to show at the time of sacrifice slight evidence of healing 
in vivo. Slices from this rat were handled in the same manner as the others of 
Table I, except that the solution used in an attempt to show intensification of 
calcification contained only 3.5 mg. calcium per 100 ml. as compared to 4.5 mg. 
per 100 ml. used with the preceding slices. As reported previously (6) (7), if 

* Although not recorded in Table I, it was found that 6 or 8 hours incubation at this 


calcium concentration resulted in 3+ calcification, and incubation for 4% to 2 hours re- 
sulted in 0 to 1+ calcification of the cartilage matrix. 
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the inorganic phosphorus concentration is maintained at 5.0 mg. per 100 ml. 
(as it was throughout this experiment), significant calcification in vitro of fully 
rachitic slices does not occur at such low calcium concentrations (3.5 mg. per 
100 ml.). With this series of slices, where slight healing had already begun 
im vive, extensive calcification (3+) did occur at this low calcium concentra- 
tion, and preliminary incubation in the solution containing 8.0 mg. calcium 


TABLE I 
Degree of Calcification in Rachitic Cartilage Slices Before and After Incubation in Inorganic Solutions 


Containing High and Low Calcium Concentrations* 




















. , Period of Intensification 
Cal 1 100 ml. : . D f 
— Ta incubation | calcification | ici?! sion 
Non-incubated slices (controls) 0 0 
0 0 
0 0 
0 0 
Ca = 8.0 mg. 4 1+ 
4 1+ 
4 2+ 
Ca = 4.5 mg. 24 1+ 
24 2+ 
24 2+ 
Ca = 8.0 mg. for 4 hr. and 4.5 mg. for 20 hr. 24 3+ Yes 
24 3+ Yes 
24 3+ Yes 
24 3+ Yes 
24 3+ Yes 
24 3+ Yes 
24 3+ Yes 
Ca = 8.0 mg. 24 4+ 
24 4+ 
24 4+ 
Non-incubated slice (control) 0 1+T 
Ca = 8.0 mg. 4 2+T 
Ca = 3.5 mg. 24 3+f 
Ca = 8.0 mg. for 4 hr. and 3.5 mg. for 20 hr. 24 3+T No 
24 3+T No 
24 3+T No 
Ca = 8.0 mg. 24 4+t 














* Inorganic phosphorus concentration 5.0 mg. per 100 ml. in each incubating medium. 
T Slices from a single rat showing slight healing (1+ calcification) at time of sacrifice. 
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TABLE II 


Degree of Calcification in Rachitic Cartilage Slices Before and After 24 Hours Incubation in Inorganic 
Solutions Containing Different Calcium Concentrations* 





Non- Incubated Slices 
incubated 


Control Slices | ¢4 5 omg.% | Ca-6.0 mg.% | Ca-S.0 mg.% | Ca-4mg.% | Ca-3.0 mg.% 

















Each rat starved 2+ 4+ 3+ 3+ 3+ 2+ 
for 24 hr. prior to 2+ 4+ 3+ 3+ 3+ 2+ 
sacrifice 1+ 4+ 3+ 3+ 3+ 2+ 

i+ 4+ 3+ 3+ 3+ 2+ 
1+ 4+ 3+ 3+ 3+ 2+ 
1+ 4+ 3+ 3+ 3+ 2+ 
2+ 4+ 4+ 3+ 3+ 3+ 
2+ 44+ de 3+ slice torn 3+ 

Control rats not 0 4+ 3+ ae 1+ 0 
starved prior to 0 4+ 3+ 0 0 0 
sacrifice 0 4+ 3+ 0 0 0 

0 4+ 3+ 0 0 0 

















* Inorganic phosphorus concentration 5.0 mg. per 100 ml. in each incubating medium. 


per 100 ml. did not appear to increase this degree of calcification. This observa- 
tion prompted the second portion of the experiments here reported. 

Part IIT. In Table II are recorded the results obtained with rachitic cartilage 
slices showing slight healing (1+ to 2+ calcification) purposely induced in vivo 
by starvation of the rachitic rats for the 24 hours preceding sacrifice. When 
such slices were incubated in solutions with calcium concentrations varying 
from 8.0 to 3.0 mg. per 100 ml., additional calcification of the cartilage matrix 
occurred in the solutions with calcium concentrations of 4.0 and 5.0 mg. per 
100 ml. as well as in those with higher concentrations. When cartilage slices 
from non-starved, control rats showing no healing im vivo were incubated in 
solutions with these calcium concentrations, minimal (0 to 2+) calcification 
occurred in vitro at calcium concentrations of 4.0 or 5.0 mg. per 100 ml., al- 
though extensive (3+ to 4+) calcification did occur in the solutions with 
higher calcium concentrations. Thus these observations indicate that, when 
calcification of cartilage matrix has been initiated by healing in vivo, addi- 
tional calcification will occur on incubation in solutions having lower calcium 
concentrations than are ordinarily required to produce that degree of calci- 
fication. 


DISCUSSION 


These experiments indicate that once calcification of the rachitic rat car- 
tilage has been initiated (whether by in vivo or in vitro techniques), calcifica- 
tion will proceed im vitro at lower calcium and phosphorus concentrations than 
are required to initiate the process or to produce the degree of calcification 
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finally attained. This continuation of the calcification process occurred only 
within a limited range of calcium concentrations. Whereas incubation of fully 
rachitic slices at a calcium concentration of 8.0 mg. per 100 ml. for four hours 
followed by 20 hours incubation at a calcium concentration of 4.5 mg. per 100 
ml. did result in increased calcification, no increase in calcification occurred if 
the calcium concentration of the latter solution was reduced to 3.0 or 3.5 mg. 
per 100 ml. This same limitation occurred with the slices showing calcification 
which had been initiated in vivo, in that additional calcification occurred on 
24 hours incubation at a calcium concentration of 4.0 mg. per 100 ml., but 
not at 3.0 mg. per 100 ml. We wish to make no inferences from the particular 
calcium concentrations used as to a possible solubility product for bone min- 
eral, for no such solubility product has ever been demonstrated (18). 

Possible explanations for the observations of these experiments are the 
physico-chemical reactions occurring between crystals and the ions of a sur- 
rounding solution. Greenwald (19) has emphasized that it is the extent of sur- 
face of the solid phase that is important in determining the equilibrium finally 
attained between the ions of the solid phase and the ions in simple solution. 
Studying the equilibrium between a precipitate of calcium and phosphorus 
and these ions in solution, he showed that with increasing size (and surface 
area) of the solid phase, there was an increasing amount of calcium and phos- 
phorus ions remaining in solution at equilibrium. These observations on the 
reactions between crystals and ions in solution have been extended and ampli- 
fied by Hodge (20). To apply them to the present experiments would suggest 
that, with the increase in calcification of the cartilage matrix, there is a de- 
crease in crystalline surface area that is exposed to the ions of the incubating 
solution. This suggestion is in keeping with the conclusion of Neuman (21), 
who in discussing bone crystals has stated that “... the crystals are in such 
intimate contact (perhaps by actual bond formation) with the organic phase 
that much of the crystalline surface is unexposed . . .”” Furthermore, Kuyper 
(22), while investigating the solubility product of calcium and phosphorus as 
it might apply to bone crystals, made some observations which seem applicable 
to the present experiments. Using inorganic solutions comparable to serum 
ultrafiltrate except for somewhat higher calcium and phosphorus concentra- 
tions, he showed that once a precipitate (solid phase) formed, there was con- 
tinued increment to the solid phase until equilibrium was reached between the 
solution and the solid phase despite the lowering of the calcium and phosphorus 
concentrations in the surrounding solution to values below that initially re- 
quired for precipitation. The observations of the present experiments on this 
one type of biological calcification suggest that physico-chemical reactions 
similar to those reported by Kuyper occur during calcification of rachitic car- 
tilage matrix. 

The possible pertinence of these observations to the healing process of child- 
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hood and adult (osteomalacia) rickets in man should be considered. Despite 
the probable varying composition of bone and cartilage apatites (21) and the 
purely hypothetical nature of a solubility product for (Ca**) and (PO,) in 
biological fluids (20) (21), nevertheless the postulate introduced by Howland 
and Kramer (23) has held good through the years with remarkable consistency: 
namely that, when the “product” of serum Ca x P is less than 30, histologically 
evident rickets of both cartilage and bone will be found, and that when the 
“product” is above 40, either no rickets or healing rickets will be found. The 
required “product” will, of course, vary at different ages, being greater in in- 
fants and decreasing toward adult life (24).7 Exceptions to this rule occur, so 
far as is known, only in renal insufficiency, where it is believed some unknown 
constituent of the serum interferes with the mechanism of calcification (7), 
and in certain instances of rapid growth of new bone such as about healing 
fracture sites.® 

When healing of rickets occurs im vivo, both cartilage and osteoid calcify. 
Yet calcification in vitro of rachitic osteoid has not been reported either in 
experimentally produced rickets or in that occurring naturally. Partly for this 
reason, it was recently suggested (28) that bone matrix, in contradistinction to 
cartilage matrix, may be enclosed in a membrane across which a chemical 
gradient exists; this membrane being composed of osteoblasts and their ex- 
tensions and under control, therefore, of enzymes of the osteoblasts. 

In human rickets administration of vitamin D in adequate amounts usually 
is followed by an increase of the phosphorus or calcium (or both) in the serum 
and healing ensues. Also healing of rickets has been observed to proceed nor- 
mally during administration of citric acid and citrate mixtures even while 
serum calcium and phosphorus were depressed below the initial concentrations 
(11). Yendt et al. (14) observed after citrate administration to rachitic rats 
(rickets induced by low phosphorus diet) that there was an early rise in serum 
phosphorus. The observations here presented suggest that the initial phos- 
phorus rise observed by Yendt may have been sufficient to initiate the process 
of calcification, which then might proceed even though the serum phosphorus 
had soon receded to its previously low concentration. 

One also meets, rarely, instances of rickets or osteomalacia which are seem- 


It is the extracellular concentrations of calcium and phosphorus that are of importance 
in determining the presence or absence of rickets. As the calcium and phosphorus concen- 
trations of serum ultrafiltrates provide a measure of extracellular calcium and phosphorus, 
the required serum “product” will, therefore, vary with alterations of serum proteins (25) 
and of other substances which chelate calcium or phosphorus (14), thus affecting the avail- 
ability of these ions for calcification. 

8 More than normal amounts of osteoid are sometimes seen in severe thyrotoxicosis (26), 
about local skeletal lesions of myeloma, leukemia and metastatic carcinoma, and occurs 
in animals receiving strontium, excess vitamin D, etc. (27). 
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ingly due to phosphate wastage by the kidney with resultant low serum phos- 
phorus (29) (30). If the experimental observations reported in this paper are 
valid for the human with rickets resistant to ordinary therapy, one might ap- 
proach this difficult therapeutic problem by measures which would repeatedly 
raise the serum phosphorus for brief periods of time. Intravenous infusion of 
phosphate or heavy dietary loading with phosphates for short periods might 
accomplish a benefit to the skeleton far beyond the short duration of the effects 
evident by alterations of the serum. 


SUMMARY 


Using standard techniques for the study of calcification in vitro of rachitic 
rat cartilage, the experiments reported here are believed to demonstrate that, 
once deposition of mineral apatite has been initiated, further deposition will 
occur even in solutions containing lower concentrations of calcium and phos- 
phorus than are necessary for initiation of the process. This was demonstrated 
by: (1) initiation of calcification im vitro (using for brief periods of time concen- 
trations of calcium and phosphorus known to produce calcification and follow- 
ing this by incubation in solutions of lower calcium concentrations); and (2) 
after inducing slight calcification im vivo, finding that calcification would con- 
tinue in vitro in solutions with concentrations of calcium and phosphorus which 
would not have produced calcification in fully rachitic cartilage. 


Possible application of these observations to the healing process in human 
rickets is discussed. 
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Tubercle bacillus bacterial endocarditis, in the broadest sense, indicates in- 
fection of the endocardium or valves of the heart by tubercle bacilli whatever 
their source. During massive hematogenous spread of tubercle bacilli, tiny 
tubercles identical to those formed in other organs may develop in the endo- 
cardium of the cardiac chambers or, more rarely, on the cardiac valves. Many 
years ago, this was said to occur as often as in nine of every ten cases of acute 
miliary tuberculosis (1), but it has not occurred or at least has not been 
recognized that often in more recent years. A second variety of tuberculous 
infection of the endocardium is the result of direct invasion from lesions in the 
mediastinum, pericardium or myocardium. These are usually caseous masses 
which project into a chamber or even into a valve of the heart. Such lesions may 
occasionally result in hematogenous spread of the bacilli or, rarely, in malfunc- 
tion of the valve. Neither the endocardial tubercles of miliary tuberculosis nor 
the extension of tuberculous masses from without are analogous to the usual 
case of either acute or subacute bacterial endocarditis caused by other organ- 
isms. It seems wise to consider such cases, as Baker suggested (2), ‘endocardial 
tuberculosis’, since the term “tuberculous endocarditis” implies a more specific 
entity. 

Only a very rare case has been described in which tubercle bacilli multiplied 
upon or caused vegetations of either diseased or normal cardiac valves or on the 
endocardium, thus to be thought similar to endocarditis produced by other 
bacteria. Yet, if one considers how common hematogenous dissemination of 
tubercle bacilli in patients with either normal or abnormal valves must be, the 
rarity of true tubercle bacillus bacterial endocarditis is peculiar. 

Baker in an excellent review of the literature prior to 1935 (2), could accept 
only four cases, and three of these were poor examples. His criteria included: 
the presence of tubercle bacilli and absence of other organisms; lesions not 
simply part of hematogenous tuberculosis nor of an extension of tuberculosis. 
In 1936 Davie (3) described two patients with mitral valvular vegetations 
similar to other bacterial vegetations, but in which only acid-fast bacilli were 
found. These vegetations occurred on normal valves but Davie postulated that 
non-bacterial fibrin deposits may have antedated and predisposed to the tuber- 
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cle bacillus infection. Mark (4) added an acceptable case in 1938, the infection 
occurring on the pulmonary valve of a child. He stated that it was the only 
case which had been seen in nearly 16,000 autopsies at the Johns Hopkins 
Hospital. In this instance, also, the bacilli had infected a previously normal 
valve. Gilmore in 1940 (5) reported a tuberculous endocarditis of the pulmonary 
valve, and in 1950 Baron and Ritter (6) described the tubercle bacillus infection 
of a large, thrombotic mass in the left auricular appendage of a patient with 
heart failure. This patient had tubercle bacilli infected infarcts of the brain and 
spleen. All of these patients described with true tubercle bacillus bacterial 
endocarditis have had miliary tuberculosis as a consequence of the disease. 

It is in view of the extraordinary rarity of authentic tubercle bacillus bac- 
terial endocarditis that we wish to present the following case, one all the more 
unusual in that the infection occurred on an abnormal valve. 


CASE REPORT 


The patient was a 31-year-old white woman who was admitted for the last time to the 
Glockner-Penrose Hospital on June 25, 1954, for fever, weakness and weight loss. 

Family history: Her mother and father were both living and well. One cousin had died 
of a congenital heart disease at the age of 16 years. 

Past history: She had had the usual childhood diseases. From 1934 to 1936 she had been 
confined to bed with “St. Vitus dance”’, followed by joint and cardiac manifestations. 

Present illness: She had been known to have an enlarged heart and cardiac murmurs for 
years, but was able to pursue normal activities until 1949, when cardiac failure first ap- 
peared. This and immediate subsequent attacks thought to be entirely the consequence oi 
mitral regurgitation were controlled with digitalis, diuretics and salt restriction. In 1951, 
auricular fibrillation was noted and shortly thereafter a cerebral embolus resulted in a 
partial left hemiparesis. In February, 1952, largely at the patient’s insistence that 
thing be done”’, she had a transventricular pericardial tamponage performed by Dr. Charles 
Bailey of Philadelphia. A tube of pericardium was inserted across the ventricular side of 
the mitral valve orifice through small incisions in the anterior and posterior left ventricular 
wall. At operation, it was thought that this “‘sling’”’ reduced the regurgitation by 85 per cent. 

Following the operation very little objective improvement in her cardiac status occurred 
and she was repeatedly admitted to the hospital for congestive failure, auricular fibrilla 


“ 


some- 


tion, and episodes of pulmonary embolization. In July of 1953 she was given radioactive 
iodine to induce hypothyroidism. In August of 1953 congestive failure was again present 
and petechiae of the skin were noted. No fever or leukocytosis was present, but three blood 
cultures revealed a hemolytic Staphylococcus aureus. Three and six-tenth million units of 
penicillin a day were given for six weeks and blood cultures were consistently negative 
thereafter. She returned in November of 1953 with a second outbreak of petechiae associated 
with weakness and anorexia. In spite of a normal white blood cell count and the absence 
of fever, hemolytic Staphylococcus aureus was again cultured from the blood. She was ap- 
parently cured by six million units of penicillin per day for six weeks. 

Two months later, in February, 1954, she was re-admitted for treatment of congestive 
heart failure but showed no evidence of bacterial endocarditis. She had an attack of urinary 
tract infection in May of 1954, controlled with Gantrisin. 

Physical examination: Temperature, 104°F.; pulse, 88; respiration, 22; blood pressure, 
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110/60. She was a slender, pale asthenic white woman obviously desperately ill. The skin 
was free of petechiae. No splinter hemorrhages were noted beneath the nails. The fundi 
were clear. No distention of neck veins was present. The lungs were clear to percussion 
and auscultation. The heart was enormously enlarged with a booming P, and a grade IV 
apical systolic murmur. A faint diastolic murmur was audible. These were the same mur- 
murs heard on recent previous admissions. The liver was felt two finger breadths below 
the costal margin. The spleen was enlarged to percussion, but was not felt. There was no 
peripheral edema. 

Laboratory: The hemoglobin was 11 gm. The white blood cell count was 8,150 with 64 
segs., 2 stabs., 31 lymphs., and 3 basos. The urine had a specific gravity of 1.008 and was 
negative for albumen and sugar. The sediment was loaded with white cells. Four blood 
cultures were negative. The sputum contained normal flora by routine cultures. Agglutina- 
tions for Brucella, Paratyphoid, and Proteus O, H, and OX were all negative. Total blood 
protein, albumen-globulin ratio, and cephalin flocculation tests were normal. The electro- 
cardiogram showed auricular fibrillation, digitalis effect and probable ischemic myocardial 
changes. 

X-rays: The heart was huge, with a large left atrium displacing the left main bronchus 
and esophagus. The lung fields showed numerous small nodules, 1 to 3 mm. in diameter, 
most numerous in the perihilar zones, but extending to both apices and bases. It was thought 
that most of the nodularities had developed within six weeks. Hemosiderosis, congestive 
failure, or miliary tuberculosis were suggested diagnoses. 

Course: The fever fluctuated in a typical septic fashion between 101° and 104°. The 
spleen became palpable. No petechiae were ever seen. The white blood cell count rose to 
18,000 and showed a shift to the left. She was given intravenous penicillin, oral strepto- 
mycin, and a blood transfusion but died four days after admission. 


Autopsy Number 54A-64: The autopsy was performed eighteen hours after 
death on a body previously embalmed by arterial injection. The pertinent 
findings follow. 

External appearance: The body was that of a well developed, well nourished, 
white female, measuring 69 inches in length and weighing approximately 120 
pounds. No jaundice or edema was present. There was a well-healed scar on the 
chest following the fifth left interspace and extending from beneath the left 
breast to the back measuring 25 cm. in length. The legs measured: 

Right—7 14-934-1114-1314-14% inches in circumference; 
Left—714-934-1114-1314-143,4 inches in circumference 

Abdominal cavity: There was approximately 300 cc. of straw-colored fluid in 
the abdominal cavity. The peritoneal surfaces were glistening and free from 
fibrous adhesions. The abdominal organs were normal in color and location. 

Thoracic cavity and mediastinum: There were numerous fibrous tags binding 
the pleurae to the walls of the pleural cavities. The pleura of the left lung was 
firmly adherent to the lateral chest wall. The pericardium was also tightly 
adherent to the left chest wall and to the épicardium, obliterating the pericar- 
dial cavity. The thymus was atrophic. 

Heart: The heart weighed between 950 and 1050 gm., but the pericardium 
and a small portion of the diaphragm were included in this weight. The adhe- 
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sions were so firm to the left chest wall that sharp dissection had left some 
myocardium attached to the ribs. The heart showed hypertrophy and dilatation 
of all chambers with extreme dilatation of the left atrium and ventricle. The 
foramen ovale was sealed closed as was the ductus arteriosus. The tricuspid 
valve leaflets were thickened and rolled along the free margins. The chordae 
tendineae were shortened and thickened. The pulmonary valve was dilated. 
The mitral valve leaflets were thickened and rolled along the margins and the 
entire posterior leaflet was scarred and contracted. The chordae tendineae, 
especially of the latter leaflet, were shortened and thickened. Extending across 
the upper portion of the left ventricular chamber and in part fused with the 
under surfaces of the mitral valve leaflets there was a cord-like hyaline mass, 
8 cm. in length and 2 cm. in diameter. The posterior insertion of this cord was 
near the posterior junction of the mitral valve leaflets. The cord could be traced 
as a much thinner strand of dense, fibrous tissue which extended through the 
myocardium and was imbedded in the posterior left ventricular epicardium for 
a distance of 2 cm. Anteriorly, the cord was inserted into the left ventricular 
myocardium at the anterior junction of the mitral valve leaflets again forming 
a dense, fibrous band 0.75 cm. in diameter, which passed through the myocar- 
dium and then fanned out in the dense pericardial scars. The total length of the 
cord from anterior to posterior epicardial insertions was 16 cm. The “‘sling”’ 
virtually filled the mitral valve orifice (Fig. 1). It was very rigid and surely 
caused mitral stenosis since a finger could be inserted with difficulty past the 
“sling” through the valve ring from above. The rigid fixation of the “sling” 
probably also prevented significant regurgitation. The surface of this “sling”’ 
was smooth, save for several firm, fibrous, pedunculated vegetations, varying 
in size from 0.2 to 0.5 cm., which were attached to the inferior surfaces of the 
intraventricular portion of the “sling” (Figs. 2 & 3). One polypoid, friable, 
smooth vegetation was hanging down from its attachment deep in a crypt 
between the sling and the posterior papillary muscle (Figs. 2 & 3). This meas- 
ured 1.5 by 0.5 cm. The aortic valves were thickened, rigid, and partially 
calcified. There did not appear to be any insufficiency of the aortic valve. The 
valve rings measured: tricuspid, 13 cm.; pulmonary, 8.5 cm.; mitral, 10 cm.; 
aortic, 6.5 cm. The right ventricular myocardium measured 6 mm. in thickness 
and showed very prominent trabeculae carneae. The left ventricular myocar- 
dium measured 15 mm. in thickness. The left ventricle was extremely dilated. 
There was no evidence of myocardial infarction. The coronary ostia were pat- 
ent though somewhat small. The coronary arteries were patent, with an 
occasional small, arteriosclerotic plaque. The epicardial insertion of the peri- 
cardial “‘sling”’ did not damage large coronary artery branches. 

Lungs: The pleurae were rough and adherent to the walls of the pleural 
cavities in many places. The pleurae within interlobar fissures were fused with 
fibrous tissue. The lungs were large and were firm in consistency. On section the 
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parenchyma of the lungs was studded with small, grey nodules, measuring from 
1 to 2 mm. in diameter. An encapsulated, grey-yellow nodule, measuring 2 by 
2 by 3 cm., with a mottled, pink, soft center, was found at the lower border of 
the right upper lobe several centimeters from the pleural surface. The pulmo- 
nary veins appeared dilated near their entrance into the left atrium. The 
pulmonary artery revealed slight arteriosclerotic plaque formation. 

Liver: The liver weighed 1400 gm. The capsule was smooth and glistening. 
On section, yellowish streaks were present throughout the liver parenchyma. 
The normal lobular architecture was disturbed by small nodules 2 to 3 mm. in 
diameter, with dark brown central areas surrounded by the yellowish streaks. 
The portal vein was patent and contained no thrombi. 

Spleen: The spleen weighed 530 gm. It was firm in consistency and on section 
the pulp was dark red. The malpighian bodies and trabeculae were distinct. 
The splenic vein was patent and contained no thrombi. 

Adrenals: The right adrenal weighed 8 gm., and the left weighed 9.5 gm. On 
section the adrenals contained small foci of lipoid depletion interspersed among 
areas of yellow cortical substance. No other abnormalities were present. 

Kidneys: The right and left kidneys each weighed 150 gm. The capsules 
stripped with ease, revealing a ‘‘flea bitten’’ surface. The cortices and pyramids 
showed no abnormalities. The calices, pelves and ureters were normal. A small 
probe freely entered the bladder from each ureter. 

Other viscera, including brain: No gross abnormalities were seen. 

Microscopic examination: Sections of the left ventricle disclosed old and re- 
cent vegetations arising from the undersurface of the “‘sling’’, as well as develo>- 
ing from the crypts lying between the “‘sling’’ and the papillary muscles. Histo- 
logical study of the old vegetations showed hyaline scarring, while sections of 
the large friable vegetation revealed acellular fibrin which was partially hyaline 
and partially necrotic, with fibrous organization and granulation tissue only at 
its base (Fig. 4). Kinyoun acid-fast stains of this vegetation showed enormous 
numbers of acid-fast bacilli lying singly and in colonies, often forming distinct 
cords, throughout all areas of the vegetation (Figs. 5 & 6). No tubercles or 
giant cells were present. Indeed, where bacilli were most numerous no inflam- 
mation of any kind was seen in the amorphous material (Fig. 5). Bacterial 
stains revealed these organisms to be both Gram negative and Gram positive 
curved, beaded bacilli, but did not show any other bacteria. Stains of the older 
vegetations did not show organisms. Between the infected vegetation and the 
papillary muscle there was a subacute inflammation of the opposing endo- 
thelial surfaces, but there were no tubercles or giant cells. Elastic tissue 


stains of this area showed an intact elastic membrane between the vegetation 
and the myocardium. Tiny tubercles, typical of miliary tuberculosis, were seen 
in the epicardium and endocardium in other sections of the left veatricle. The 
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tricuspid valve showed slight scarring. No Aschoff bodies were seen in the myo- 
cardium or endocardium of many sections of all chambers of the heart. 


Numerous sections of the lung revealed small, uniformly distributed tuber- 
cles, composed of epithelioid cells and Langhans giant cells, with caseous centers 
(Fig. 8). The Kinyoun acid-fast stains revealed occasional acid-fast bacilli in 
these tubercles. The encapsulated caseous mass several centimeters in diameter 
was entirely typical of older primary tuberculosis (Fig. 7). The fibrous capsule 
of this focus was thin, and in several areas only thin layers of connective tissue 
separated the caseous center from lumina of adjacent veins. The Kinyoun acid- 
fast stain revealed acid-fast bacilli in the center of the tubercle. Sections of the 
liver revealed scars which appeared to arise in the central areas, radiating into 
portal regions. There were also numerous, small, epithelioid cell tubercles with 
giant cells scattered in the liver parenchyma and portal areas. Sections of the 
spleen showed small, uniformly distributed miliary tubercles in which acid-fast 
bacilli were stained. Sections of the kidney showed several foci of caseation and 
Langhans giant cells. Kinyoun acid-fast stain failed to reveal acid-fast bacilli in 
the renal lesions. Periaortic lymph nodes showed many small miliary tubercles. 
Sections of the pancreas revealed chronic passive congestion. The bone marrow 
also contained miliary tubercles and acid-fast stains showed acid-fast bacilli. 
The thyroid showed scarring and atypical cellular hyperplasia. 

DISCUSSION 

We believe that this patient’s terribly malformed mitral valve and the sur- 
gically created ‘‘sling’’ became repeatedly infected and cured of a common 
bacterial organism. Tubercle bacilli from the older pulmonary lesion then prob- 
ably were implanted on a vegetation and slowly multiplied into enormous num- 
bers. The patient’s final acute and fatal episode was the result of a massive 
hematogenous spread, most likely from the valvular tuberculosis. 

From the criteria for the diagnosis of tubercle bacillus bacterial endocarditis 
already listed and originally formulated by Baker, our case and several others 
in the literature are deficient only in respect to the tissue reaction. We suggest, 
however, that when tubercle bacilli reach a valve through small blood vessels, 
an inflammatory reaction is possible in the vascular area and the tissue changes 
of tuberculosis develop. The cases described by Mark (4), Gilmore (5), and 
Baron (6) are ones where, since the bacilli were multiplying in areas of 
adequate blood supply, typical tubercles formed. It would seem likely, how- 
ever, that when bacilli are implanted upon an avascular valve surface or in 
fibrinous vegetations, whether rheumatic or bacterial in origin, the organisms 
may multiply in the area without inciting a typical tissue reaction. Such an 
absence of tissue response is indeed found in other varieties of bacterial endo- 
carditis except at the very base of the vegetations. Especially in tuberculosis, 








302 R. P. RUSSELL, M. BERTHRONG AND A. R. CROKE 


where the characteristic tissue reaction depends so much upon the presence of 
either tissue or blood mononuclear phagocytes, a deficient blood supply may 
limit the usual tissue response. Thus, other cases of true tubercle bacillus 
endocarditis have shown only very weak or actually no typical inflammatory 
response, as in Meek’s (7) and in Davie’s (3) cases and in our own. 

All other aspects of this case strongly indicate it as one of the true tubercle 
bacillus bacterial endocarditis. The huge colonies of typically acid-fast bacilli, 
growing in ‘“‘cord formations’’ deep in the acellular vegetations had probably 
been present for many weeks before the occurrence of miliary tuberculosis. 
These colonies are reminiscent of those of pneumococci in leukopenic rabbits 
(8) and might suggest the failure of antibodies to control multiplication of 
tubercle bacilli in the absence of monocytes. Excellent and controlled bacterial 
stains have failed to demonstrate other organisms in the vegetation. 

The development of a tuberculous vegetation upon a previously damaged 
valve and possibly a pre-existing vegetation is unique. (Table I). Davie could 
only postulate that tuberculous endocarditis in his patients had developed ina 
pre-existing non-bacterial endocarditis for no Aschoff bodies were present in the 
myocardium of his cases and no healed vegetations were seen as in our patient. 
It may be noted in Table I that of the eight cases presented the tuberculous 
lesion was found on the left side of the heart in six instances. 

Several other points of interest in our patient may be briefly mentioned. 
First, in spite of what was certainly severe mitral stenosis, typical miliary tu- 
berculosis in the lungs developed. The supposed infrequency of this event has 
been repeatedly mentioned in textbooks. Second, an incredibly difficult surgical 
procedure probably corrected the previous insufficiency, but added a serious 
mitral stenosis. 

TABLE I 
Cardiac Lesions in Eight Authentic Cases of Tubercle Bacillus Bacterial Endocarditis 
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: of SUMMARY 

ay A case of tuberculous endocarditis is presented which developed upon the 
lus mitral “‘sling’’ of a surgically treated mitral insufficiency. The tubercle bacilli 
ry may have lodged upon the vegetation of a previous, cured bacterial endo- 


carditis. Typical miliary tuberculosis developed terminally. 
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EXPLANATION OF ILLUSTRATIONS 

Fic. 1. Dilated left atrium with filling of mitral orifice by rigid pericardial “‘sling’’. 

Fic. 2. Trabeculated left ventricle with old vegetations on right and fresh vegetatio. 
on left (arrow) beneath and near the point of insertion of the “‘sling’’. 

Fic. 3. The sling extending across mitral valve ring showing old fibrous vegetations 
(above label) and fresh polypoid vegetation on right. The latter contained the tubercle 
bacilli. Note the huge left atrium. 

Fic. 4. Section through the base of the large friable vegetation with fibrous organiza- 
tion and granulation tissue (low power). 

Fic. 5. Section of the same vegetation showing colonies of tubercle bacilli (acid-fast 
stain) (low power). 

Fic. 6. High power magnification of tubercle bacilli. Note the distinct cord formation 
(acid-fast stain) (oil immersion). 

Fic. 7. Encapsulated caseous mass in the lung parenchyma typical of an encapsulated 
primary tuberculosis (low power). 


Fic. 8. Section of lung parenchyma with several small tubercles containing epithelioid 
cells, Langhans giant cells, and caseous centers (low power). 
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BOOK REVIEWS 


Diseases of the Skin, 11th edition. By Ricuarp L. Sutton, Jr. 1479 pp., $29.50 The C. V 
Mosby Co., St. Louis, Missouri. 

Dermatologists throughout the English speaking world have looked forward to each new 
edition of Diseases of the Skin since it first appeared in 1916. Over the years this magnificent 
text has been enlarged and improved as the result of the dedicated and increasing labors of 
a ta'ented father and a talented son. The reviewer has always regarded it as the most useful 
book on dermatology because it is comprehensive and detailed, and because it contains 
the best bibliography of the standard texts. In the author’s own words: “The book includes 
features of a dictionary and an encyclopedia. It is a guide to the maze of what may be found, 
ii one knows where to look, in an extensive medical library. It is a systemization of what is 
known about its subject, written from the viewpoint of a practicing physician who is inquisi- 
tive.”” There are 1972 illustrations and 1479 pages of text. To avoid publishing his material 
in two volumes the author used 8 point type for material of secondary importance. 

There are really several books within a book. The chapter on dermatoses due to fungi and 
the section dealing with syphilis could be separately published as very creditable books. 
The material concerned with the “basic subjects” of embryology, anatomy and physiology 
has been revised to include the numerous recent advances in these fields. The chapter on 
chemical agents and drugs is up to date and includes an excellent discussion of the use of 
steroids in dermatology. Perhaps the least distinguished chapter is the one on mechanical 
and physical treatment agents. One adverse criticism I would make is Sutton’s insistence 
on the value of the actual cautery as an instrument of precision, and his casual discussion 
(in 3 brief paragraphs) of high frequency and fulguration currents. The discussions on clinical 
dermatology and pathology are masterful. Some of the author’s views of therapy may be 
considered empirical by others but the author makes no apologies for the fact that at times 


he is an empiricist. His views on acne, particularly in regard to the influence of thyroid 
(p. 690), are well known and frequently contested, but he persists in them. As his father was 
before him, Richard Sutton, Jr. is a forceful, attractive, imaginative individualist and his 
personality is clearly exhibited throughout this fine book. Interspersed with the mass of 
iacts which represents a summary of dermatologic dogma there will be found many interest- 


ng original comments, personal illusions and opinionated disagreements regarding some 
accepted practices. 
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The speciality of dermatology and the medical profession at large are indebted to the 
Suttons for their years of devotion to the task of presenting an up-to-date authorative 
treatise on Diseases of the Skin. 


Maurice Sullivan 


Die Chirurgie der Peripheren Nerven. By HENry Nicst, with foreword by RuDOLF NIsseEy, 
196 pp., Ganzleinen DM 29.70 ($7.10). Georg Thieme Verlag, Stuttgart, Germany, 
Also Intercontinental Medical Book Corp., New York, N. Y. 

This monograph gives an excellent up-to-date review of the problem of peripheral nerve 
surgery. An outstanding quality of the book is the precise and clear-cut presentation of the 
material. 

In a general part the author summarizes the most important diagnostic signs of the various 
nerve lesions and briefly describes the current neurophysiological aspects. There is an excel- 
lent and most consciencious chapter regarding the operative indications, mainly based upon 
the experiences of the author with Professor Seddon in London. The directions for the opera 
tive technique and postoperative care are clear and understandable. 

Dr. Nigst gives us a good review of the pathological conditions which can be responsible 
for peripheral nerve injury lesions of traumatic origin. The general surgeon, the orthopedist 
or neurosurgeon will profit greatly from the well-illustrated special part, in which the author 
analyzes the characteristics of each important nerve lesion. 

There is an extensive bibliography, which includes practically all of the important con- 
tributions from the European and North American clinics. 


George W. Smith 


Essentials of Dermatology, 5th edition. By NoRMAN Tobias. 651 pp., $8.00. J. B. Lippincott 
Co., Philadelphia, Pa. 

This is one of the best of the numerous ‘‘smaller books”’ on dermatology. So great has 
been the development of dermatology in the past two decades, that small books dealing 
with the “bare essentials” of the subject are no longer small. In this book of 651 pages there 
is space only for brief summaries, which are completely and attractively presented. There is a 
great demand for this type of book particularly from medical students who are harassed by 
schedules which permit minimal exposure to an important discipline of medicine. This book 
will serve the student as an excellent outline, but it should be used in conjunction with 
more comprehensive texts. The particular feature of Essentials of Dermatology, which sets it 
apart for special tribute, is the consideration of the nursing aspects of skin diseases. At the 
end of each chapter the author describes the treatment technics which are entrusted to 
nurses in the hospital and the office. The reviewer enthusiastically recommends Tobias’ 
book to all Schools of Nursing as an excellent standard required text. 


Maurice Sullivan 


Electrodiagnosis and Electromyography. Vol. 1 of Physical Medicine Library. Edited by 
Smwney Licur. 272 pp., $10.00. Elizabeth Licht, Publisher, New Haven, Conn. 
Electrodiagnosis refers to diagnostic procedures based on the introduction or removal of 

electric currents. Its most successful applications have been the recording of the rhythmic 

and easily standardized potentials continuously evolved by the heart, and the less regular 
potentials produced by the brain. Much more difficult has been the clinical application of 
information obtained by recording the potentials which arise in striated muscle during volun- 
tary or electrically induced activity (electromyography), or by observing the response of 
muscle to electrical stimulation of motor nerve or muscle (muscle electrodiagnosis). Dr 
Licht, and the other contributors to this book, which is intended to be the first volume of a 
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“physical medicine library”, have presented an interesting summary of the historical 
development of the latter procedures, the apparatus and methods employed, and their 
limited clinical application. Muscle electrodiagnosis is useful in evaluating the severity and 
localization of peripheral nerve injuries, and the rate and degree of nerve regeneration 
Electromyography is helpful to the clinician in detecting, localizing, and following the time 
course of injury or disease of the anterior horn cells and peripheral nerve, which gives rise to 
characteristic fibrillation potentials. Electromyography has numerous other applications 
as a research tool in the study of diseases of neuromuscular transmission and of muscle, and 
in the study of the effects of electrolytes and drugs, but these applications are unfortunately 
not yet suited to clinical practice, and are therefore only touched upon in this book, which 
is designed to be of practical aid to the clinician. 

Dr. Licht and his collaborators have presented their material in a clear and concise man- 
ner. While their book includes brief chapters on skin resistance, electroencephalography, 
and electroretinography, it will be of interest primarily to physicians in physical medicine, 
neurology, and neurosurgery who are concerned with the management of peripheral nerve 
injury and disease. 

David Grob 


BOOKS RECEIVED FOR REVIEW 


Ageing in Transient Tissues. Ciba Foundation Colloquia on Ageing, Vol. 2. Edited by 
G. E. W. WoLsTENHOLME AND E Larne C. P. Mitrar. 263 pp., $6.75. Little, Brown & 
Co., Boston, Mass. 

Aids to Embryology, 5th edition. By J. S. BAxTER. 196 pp., $2.50. Bailliere, Tindall & Cox, 
London, England. Distributed by The Williams & Wilkins Co., Baltimore, Md. 
Head Injuries and Their Management. By Francis AsBpury Ecuuin. 127 pp., $3.00. J. B. 

Lippincott Co., Philadelphia, Pa. 

Internal Secretions of the Pancreas. Ciba Foundation Colloquia on Endocrinology, Vol. IX. 
Edited by G. E. W. WoLsTENHOLME AND CeEcIL1A M. O’Connor. 292 pp., $7.00. Little, 
Brown & Co., Boston, Mass. 

Management of Emotional Problems in Medical Practice. Edited by SAMUEL LIEBMAN. 
152 pp., $5.00. J. B. Lippincott Co., Philadelphia, Pa. 

Medicinal Chemistry, Vol. 3. Edited by F. F. Bricke anp R. H. Cox. 346 pp., $10.50. 
John Wiley & Sons, Inc., New York, N. Y. 

Neuropharmacology. Transactions of the Second Conference, May 25, 26 and 27, 1955. 
Edited by Harotp A. ABRAMSON. 328 pp., $4.25. The Josiah Macy, Jr. Foundation, 
New York, N. Y. 

New Bases of Electrocardiography. By DeEMETRIO SopI-PALLARES with the collaboration 
of Royatt M. Caper. 727 pp., $18.50. The C. V. Mosby Co., St. Louis, Missouri. 

Polysaccharides in Biology. Transactions of the First Conference, April 27, 28 and 29, 1955. 
Edited by Georc F. Sprincer. 271 pp., $5.00. The Josiah Macy, Jr. Foundation 
New York, N. Y. 

Sleep. The Way to Sound and Healthful Slumber. By Marie Stopes. 154 pp., $3.00. Phil- 
osophical Library, New York, N. Y. 

Studies in Topectomy. Edited by Notan D. C. Lewis, Carney Landis and H. E. King. 
248 pp., $6.75. Grune & Stratton, New York, N. Y. 

Surgery of the Hand, 3rd edition. By STERLING BUNNELL. 1079 pp., $22.50. J. B. Lippincott 
Co., Philadelphia, Pa. 

Venous Return. By GeruarpD A. Brecuer. 148 pp., $6.75. Grune & Stratton, New York, 

N. Y. 














